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Abstract 
This thesis uses palaeolimnological records to reconstruct Holocene ontogeny trends 
from four lakes in south western Greenland. The research addresses four hypotheses 
investigating how Holocene lake ontogeny trends vary under different climatic settings, 
how long-term changes in ontogeny relate to periods of established climatic change in 
the region, the similarities between proxies within the lakes and between the lakes, and 
the role of vegetation in lake ontogeny.  
The study region occupies the widest ice-free area of south western Greenland and is 
characterised by a climatic gradient. The area inland and nearer to the ice-margin is arid, 
receives less precipitation and is warmer relative to the coastal areas.  A paired lake 
approach, using lake records from two inland lakes and two coastal lakes, was adopted 
to examine the role of climatic setting upon lake development trajectories. Specifically, 
diatoms were used to reconstruct DI-alkalinity from the lakes using a DI-alkalinity model 
created from existing training sets in the region (WA Cla model, r
2
boot = 0.76, RMSEP = 
0.28 log alkalinity units), sedimentary pigments to investigate trends in production and 
sedimentary parameters to reconstruct organic and minerogenic accumulation rates.   
All four lakes experienced comparable Holocene long-term ontogeny trajectories; 
maximum alkalinity in the first ~ 1000 cal. year BP of deglaciation followed by maximum 
production during the peak of Holocene Thermal Maximum (HTM) warming (~7000 -
6000 cal. years BP). Following the HTM, all lakes demonstrated oligotrophication and a 
decline in pH. Vegetation development and catchment stabilisation at the end of the 
HTM may be important in determining the onset of oligotrophication in vegetated 
catchments. However, the impact of vegetation development on lake ontogeny cannot 
be isolated from the changes in the lakes associated with the colder and wetter climate 
which occurred at the end of the peak HTM warming. The timings of the large transitions 
in the ontogeny trajectories are comparable with established periods of Holocene 
climatic variability in the region; climate forcing drives ontogeny in these lakes. However, 
there are short-term differences between the lakes indicating that lakes have different 
thresholds of ecological change and may respond differently to the same climate forcing. 
It is concluded that ontogeny is driven by climate but lakes may respond differently to 
forcing depending on catchment specific characteristics which can filter out the climate 
signal or cause climate to influence the lake in a more direct way. 
Key words: Ontogeny, Greenland, low Arctic, diatoms, DI-alkalinity, sedimentary 
pigments, palaeolimnology, Holocene, sediment accumulation rates.  
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Chapter 1 : Introduction to study, background and aims 
 
1.1 Introduction  
The Arctic is a climatically important region, playing a central role in long-term global 
climate and short-term natural climate variability (Ruddiman and McIntyre 1982, Cronin 
1999, Ruddiman 2001, Cassou et al., 2004, Deser et al., 2004, Rasmussen et al., 2007), 
and is expected to experience dramatic changes climatically and ecologically due to the 
recent global warming trends (Jeppesen et al., 2003, ACIA 2005, HØye et al., 2007). 
There is ample evidence to suggest that ecological thresholds have already been 
surpassed by global climate change in the Arctic (Post et al., 2009). Paramount to 
understanding how climate change in the future may affect Arctic terrestrial and aquatic 
ecosystems is an accurate interpretation of how past climatic drivers directly or indirectly 
modified terrestrial and biological processes.  
 
Greenland’s location in the north Atlantic, a key driver of earth’s climate, has resulted in 
a wealth of palaeoclimatic research in the region, especially from the ice-core records, 
which have identified both long-term (millennial) and short-term (decadal) changes in 
hemispheric climate (Dansgaard 1982, Dansgaard et al. 1993, Dansgaard et al. 1993, 
GRIP members 1993, Moseley-Thompson et al. 1993, Kapsner et al. 1995, Dahl-Jensen 
et al. 1997, Dahl-Jensen et al. 1998, Johnsen et al. 2001, Viau et al. 2002). Elsewhere in 
the Arctic, palaeolimnology has aimed to reconstruct climatic variables from sedimentary 
and biological proxies in lake records (McGowan et al., 2003, Anderson et al. 2004, 
Anderson et al., 2008, McGowan et al., 2008, Aebly and Fritz 2009, Bennike et al., 
2010). Most Arctic palaeolimnological studies have been based in the High Arctic and 
have assumed that long-term biological, chemical and sedimentary changes are directly 
the result of temperature or temperature-related variables such as ice-cover (Smol 1983, 
Douglas and Smol 1999, Wolfe et al., 2000, Wolfe 2002, Michelutti et al., 2007).  The 
premise for suggesting that climate may directly control biological production in Arctic 
lakes is that temperature influences rates of biological production, the length of the ice 
free season and physical processes associated with nutrient availability. However, this is 
not the case in all Arctic lakes, where shrub tundra vegetation and deep soils have 
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developed (e.g., Anderson et al., 2008), and where climate may directly affect catchment 
vegetation and soil processes and indirectly control within lake processes. It is 
suggested that Arctic palaeoclimatic reconstructions from lake sediment records have 
been, in the past, perhaps overly simplistic in their interpretation of temperature, and 
indeed climate, as a direct driver of ecological change in these regions. An 
understanding of natural Arctic lake ontogeny processes and the direct and indirect 
mechanisms by which climate controls and modifies Arctic aquatic ecosystems is 
required if appropriate palaeoclimatic interpretations are to be made and therefore 
accurate predictions about the ecological changes that may lie ahead. This requires an 
understanding of arctic lake ontogeny in the low Arctic, where there is a paucity of 
ontogeny research. 
1.2 Lake ontogeny in the boreal and temperate zones 
Lake ontogeny is how lakes age, naturally, in the absence of anthropogenic impact. 
Ontogeny is how lakes evolve biologically and chemically, and encompasses all of the 
factors that influence the lake and the catchment, such as climate, geology and soils and 
vegetation development (Pearsall 1921, Deevey 1942, Pennington 1943, Round 1961, 
Deevey 1984, Engstrom and Fritz 1988, Fritz and Engstrom 1995, Fritz et al., 2004, 
O’Sullivan 2004). The concept of ontogeny developed from a handful of 
palaeolimnological studies, which identified that lakes and their surrounding catchments 
change as they age (Pearsall 1921, Deevy 1942, Pennington 1943, Round 1961). 
Initially, research on ontogeny aimed to classify lakes as part of an evolutionary 
framework, by identifying the role of catchment succession on the pace and direction of 
lake change (Binford and Deevey 1983). In later years ontogeny research became 
concerned with identifying the role that climate and catchment-related variables such as 
geology, and soil and vegetation development, played in lake biological production and 
water chemistry (Round 1961, Pennington et al., 1972, Engstrom and Fritz 1988, 
Whitehead et al., 1989, Fritz and Engstrom 1995, Fritz et al., 2004, Norton et al., 2011). 
 
Most research on ontogeny has focused on lakes from temperate (Deevey 1939, 
Deevey 1942) and boreal forested catchments (Round 1961, Pennington et al., 1972, 
Engstrom and Fritz 1988, Whitehead et al., 1989, Fritz and Engstrom 1995, Fritz et al., 
2004, Norton et al., 2011). Whilst there are numerous studies of ontogeny in the High 
Arctic (Smol 1983, Douglas and Smol 1999, Smol 1999, Wolfe 2000, Wolfe 2002,  
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Figure 1.1 The concept of lake ontogeny, in terms of biological production and pH, under different 
climatic settings. Over time, after a peak in biological production and pH (grey line), lakes under a 
temperate setting where climate is warmer and drier demonstrate increasing biological production 
and pH. Lakes under an oceanic setting, where climate is cooler and wetter, demonstrate declining 
biological production and pH. 
 
 
Michelutti et al., 2007), there are relatively few studies from low Arctic lakes (Anderson 
et al., 2008, McGowan et al., 2008, Wilson et al., 2012, Perren et al., 2012, in press). 
Evidence from the temperate and boreal ontogeny studies suggest that lakes follow 
distinct ontogeny trajectories depending upon climatic setting (Figure 1.1). Lakes in a 
temperate setting where climate is generally warmer, demonstrate progressive 
enrichment, biological production and increasingly alkaline waters (Pearsall 1921, 
Deevey 1942). Conversely, lakes under a boreal or maritime climate demonstrate 
progressive oligotrophication, dilution, and declining pH and biological production 
(Engstrom and Fritz 1988, Fritz and Engstrom 1995, Fritz et al., 2004, Norton et al., 
2011). 
 
The studies from the temperate zone suggested that lakes became more eutrophic and 
productive as they aged (Lindeman 1942, Deevey 1955). Early research proposed that 
lakes passed through three progressive stages (Lindeman 1942). Lakes which formed in 
newly deglaciated landscapes were oligotrophic in the early stages of development 
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because of limited nutrient input from the surrounding catchment. As the catchment 
developed and more nutrients were transported into the lake, production increased and 
the lakes would become mesotrophic. With time, lake infilling and the reduction of the 
hypolimnion would make the lake increasingly eutrophic and productive (Lindeman 
1942, Deevey 1955). Presently, eutrophication is only used to infer anthropogenically 
induced biological increases in lake production. Later it was suggested that the direction 
and pace of change in lake development could be viewed as a response to stress and 
strain in the lake system (Deevey 1984).  For example, the input of nutrients from the 
catchment was considered to be a stressor to the lake system, surpassing ecological 
thresholds, and rapidly increasing biological production. As eutrophication slowed down, 
the lake would establish trophic equilibrium (Vollenweider 1968, Deevey 1984). Lakes 
would then either become eutrophic or dystrophic, due to paludification as they aged 
(Figure 1.2). However, it became apparent that these trends could not be disentangled 
from prehistoric anthropogenic activity weakening any interpretations of natural ontogeny 
(Pennington 1943, Round 1961, Howarth and Allen 1982, Renberg et al., 1990, Lotter 
and Birks 2003).  
 
 
 
Figure 1.2 The concept of stability and strain in lake ontogeny and the two opposing trajectories of 
eutrophication caused by different stresses (increased nutrients and oligotrophication and the 
development of peats respectively). Lakes remain in trophic equilibrium if nutrient loading is 
constant. Displacements can be viewed as natural or anthropogenic (catchment disturbance and 
natural deterioration of peat). Figure taken from Deevey 1984. 
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Research on boreal lakes suggests that soil and vegetation development, and 
biochemical coupling between the lake and the catchment, which is controlled by 
hydrology, are responsible for boreal ontogeny trends. To date, the research from 
Glacier Bay National Park, Alaska (GBNP) provides the most detailed study of boreal 
lake ontogeny trends (Engstrom and Fritz 1988, Fritz and Engstrom 1995, Hasen and 
Engstrom 1996, Engstrom et al., 2000, Fritz et al., 2004). The lakes from GBNP 
demonstrated that after an early post-glacial peak in production, ca. 100 years after 
formation (Figure 1.3) the early post-glacial maximum in production was related to large 
quantities of nutrients (mainly phosphorus) and base cations (carbonate rich geology in 
GBNP) entering the lakes from the developing catchment, which is a common feature in 
the early stages of lake development in deglaciated terrain (Pearsall 1921, Thienemann 
1931, Naumann 1932, Deevey 1942, Crocker and Major 1955, Davis et al., 1985, Norton 
et al., 2011). Subsequently, early lakes continued to maintain high pH, alkalinity and 
conductivity for a couple of hundred years (Figure 1.3). Lakes then demonstrated a rapid 
decline in alkalinity and pH, with an associated decrease in water clarity related to an 
increase in dissolved organic carbon (DOC), as the lakes become progressively 
oligotrophic and dilute (Round 1961, Pennington et al., 1972, Whitehead et al., 1986, 
Ford et al., 1990, Norton et al., 2011). However, this phase is also associated with an 
increase in production (diatom accumulation rate) and TN (DI-TN, chl a), with a 
maximum occurring ca. 150 cal. years in most lakes, and lasting for approximately 2000 
cal. years (Figure 1.3). The decline in pH, alkalinity, and water clarity is associated with 
soil and vegetation development which progressively leaches base cations, preventing 
their transport to the lake. Coupled with soil development is an increase in DOC export 
to the lake, which causes increasingly acidic and dystrophic waters. However, the 
development of Alder thickets concomitant with vegetation development in the 
catchments, which fix nitrogen, led to increases in biological production of the lakes (DI-
TN, and chl a) (Engstrom and Fritz 1988, Fritz and Engstrom 1995, Hasen and 
Engstrom 1996, Engstrom et al., 2000, Fritz et al., 2004).  
 
The timing of the onset of the post-glacial rise in production (DI-TN and Chl a) and 
oligotrophication varies between lakes in GBNP, reflecting the site-specific differences 
between the catchments. Geology can intensify oligotrophication trajectories; lake 
catchments underlain by acidic igneous rocks have lower acid neutralizing capacities 
(ANC) than lake catchments with sedimentary and carbonate rich rocks which act as a 
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source of base cations and produce lakes with high acid neutralizing capacity (Engstrom 
and Fritz 1988, Fritz and Engstrom 1995, Fritz et al., 2004, Norton et al., 2011). Soil 
development can also facilitate hydrological change in lake catchments. For example, 
the development of peat after the first 100 years of deglaciation leads to an impediment 
of ground water drainage and a loss of dissolved alkaline base cations entering the 
lakes. Overland flow begins to dominate, running through the peaty soils and 
transporting DOC and humic acids, leading to oligotropic and acid lake conditions. The 
research at GBNP highlights that long-term climate-mediated catchment development 
and biochemical coupling between the catchment and lake are important mechanisms 
for lake development in the boreal zone (Engstrom and Fritz 1988, Fritz and Engstrom 
1995, and Engstrom et al., 2000, Norton et al., 2011). Site-specific factors, such as 
geology, hydrology, soils and vegetation, lead to differences in the timing and the 
magnitude of post-glacial peaks in production and the onset of long-term 
oligotrophication. 
 
Figure 1.3 The DCCA of the chronosequence lakes from GBNP demonstrating the down core 
changes in the diatom assemblages in relation to DOC, TN, and pH (T demotes the top of the core 
and B the Bottom). Age of the lakes is reflected in the colour of the line as indicated in the small box. 
The figure in the right hand corner represents the chemical characteristic of lakes of different ages. 
Figure taken from Engstrom et al., (2000). 
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1.3 Arctic ontogeny: Climate as the key driver of ontogeny?  
Research on High Arctic lakes, where catchment soils and vegetation are absent or 
limited, has suggested that climate (temperature) plays a direct role in determining 
ontogeny trends (Pienitz et al., 1995, Wolfe 2002, Michelutti et al., 2007). In the Arctic 
anthropogenic impact is limited providing almost pristine records of Holocene ontogeny. 
Most Arctic lakes are dilute and oligotrophic with limited nutrient availability and sunlight 
for half of the year (Vincent and Laybourn-Parry 2008). Consequently, High Arctic lakes 
are biologically simple with few trophic levels, often with an absence of fish (Wrona et 
al., 2006) and a dominance of algae (BjÖrk-Ramberg and Ånell 1985, Karlsson et al., 
2009). The presence of ice cover for up to nine months of the year results in the 
maximum period of biological production being restricted to the ice-free months in the 
summer. Higher temperatures and increased light availability combined with elevated 
nutrient availability related to snow melt in the catchments are key controls on summer 
production (Stoermer and Smol 2001, Lameroux and Gilbert 2004, Vincent and 
Laybourn-Parry 2008).  
 
In High Arctic lake systems it is proposed that as summer air temperature increases so 
does diatom production (Smol 1983, Douglas and Smol 1999, Wolfe 2000, Wolfe 2002, 
Michelutti et al., 2007), diversity (Blake et al., 1992, Williams et al., 1990) and the 
proportion of planktonic diatom species. During cold years, the limited extent of moating 
at the edges of the lake, combined with reduced nutrient availability, results in lower 
diatom abundance and a dominance of shallow water, littoral and benthic taxa in the 
fossil record. During warmer years, a larger proportion of the ice melts, there are more 
substrates such as moss available for epiphytes, and a greater nutrient influx occurs 
(higher rates of decomposition and elevated soil and plant production), increasing overall 
algal abundance, diversity, and specifically a lower benthic to planktonic ratio and 
deeper water taxa relative to a colder year (Douglas and Smol 1993, Douglas and Smol 
1995, Wolfe 1996, Lim 1999, Sorvari et al., 2002, Wolfe 2002). Lotter and Bigler (2000) 
were the first to systematically test the role of ice cover on diatom habitats and 
abundance, providing evidence for the theoretical validity of the links between ice cover 
and diatom habitats and diversity (Douglas and Smol 1993, Wolfe 1996, Douglas and 
Smol 1999, Lim 1999). Some studies associate the complete disappearance of diatoms 
from the sediment record with prolonged cold climates and extensive periods of ice 
cover (Doubleday et al., 1995). However, warming periods may also act to modify other 
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physical and limnological factors such as stratification, mixing, and nutrient cycling 
(Schindler et al., 1974, Welch et al., 1987, Smol 1988, Rouse et al., 1997), which can 
also affect the productivity and diversity of the phototrophic community e.g., diatoms and 
chrysophytes (Schindler et al., 1974, Douglas et al., 1994, Doran et al., 1996, 
Sommaruga-Wograth et al., 1997, Douglas and Smol 1999, Lotter et al., 1999).  
 
There are some problems with assuming that biological production and temperature are 
tightly coupled. For example in lakes that have clear ice cover and no snow cover, 50% 
of primary production may occur before ice-out (Schindler and Smol 2006). Similarly, 
lakes which experience high solar irradiances during the summer may experience a 
serious inhibition of algal production because of the damaging effects of UVR (Tanabe et 
al., 2008). It is also possible that increases in diatom abundance are not the result of 
climate and a longer ice free period, but an associated increase in nutrients from the 
catchment (Smol and Cumming 2000), although nutrients can only be utilized if sufficient 
light is available for photosynthesis. Similarly, whilst there is some validity in the view 
that warmer air temperatures can reduce the ice-pan on Arctic lakes (especially High 
Arctic lakes) and thereby increase diatom diversity and production (Douglas and Smol 
1993, Douglas and Smol  1995, Wolfe 1996, Lim 1999, Sorvari et al., 2002, Wolfe 2002), 
the assumption that temperature is the most important or only variable involved in driving 
the biology of Arctic lakes, is overly simplistic, and ignores the fact that temperature may 
be related to other climatic variables, such as precipitation, and may also modify other 
physical processes such as weathering and soil development, all of which affect lake 
ontogeny (see discussion in section 1.4).  Arctic lakes are closely governed by climate, 
but climate rarely “directly” controls algal communities or lake water chemistry, and any 
interpretations of lake ontogeny using one proxy only must consider the suite of 
variables related to climate, directly or indirectly, which may have influenced catchment 
and lake development.   
 
Numerous Arctic palaeolimnological studies, even in vegetated catchments where 
edaphic factors could be driving some changes in lake ontogeny, have attributed 
changes in fossil diatom assemblages directly to climate (air or water temperature). 
Diatom temperature reconstructions have been developed from north-western Canada 
(Pienitz et al., 1995, Joynt and Wolfe 2001), Fennoscandia (WeckstrÖm et al., 1997a, 
Rosén et al., 2000), Swedish Lapland (Bigler and Hall 2002) and Siberia (Laing and 
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Smol 2000). All these studies have used DI-temperature (air or water) based upon the 
widely used weighted-averaging (WA) techniques to reconstruct temperature, as the 
statistically most significant variable driving the diatom assemblages (ter Braak and 
Prentice 1988, ter Braak and van Dam 1989, Birks et al., 1990, Birks 1995, Korsman 
and Birks 1996). However, a range of factors complicate the relationship between 
diatoms and temperature. For example, temperature may capture the largest amount of 
variance in the data set, but it could be representing other climate-related variables such 
as ice cover, stratification and water chemistry. Covariance between temperature and 
related variables is also a problem in directly associating temperature with diatom 
species. Temperature related variables such as pH, conductivity and altitude can explain 
as much of the data set variance as temperature alone, and are variables that can be 
affected by factors other than temperature (WeckstrÖm et al., 1997b), making it difficult 
to disentangle an accurate climate signal (Anderson 2000, Battarbee 2000, Smol and 
Cumming 2000). For example, WeckstrÖm et al., (1997b) explored a 30-lake training set 
from North West Finland and found that pH, conductivity, altitude and sodium were all 
significant explanatory variables of the species in the training set. Over the short-term, it 
is also likely that factors other than “temperature” may have mediated change in the 
diatom community, such as vegetation and soil development in the catchment (Fritz and 
Engstrom 2004). Consequently, where diatom-temperature reconstructions have been 
used, any interpretation of temperature as the main driver in lake biological development 
must be viewed with caution (Anderson 2000).  
 
Under certain climatic circumstances Arctic lake ontogeny can be directly linked to 
temperature and precipitation. Arctic lakes that have a closed basin or that are in an arid 
region where evaporation exceeds precipitation demonstrate ontogeny trends that are 
closely linked to regional climate changes. Changes in atmospheric moisture budgets 
can impact directly on lake water chemistry, which in turn affects lake water chemistry 
and biological production, especially in closed-lake basins where climate can directly 
influence lake level and therefore conductivity (Fritz 1996, Fritz et al., 1999). When lake 
levels increase in closed basins (precipitation > evaporation) salts and cations become 
more dilute, frequently mirrored by declining alkalinity and pH, and the diatom 
community changes accordingly. Whereas, during lake lowering episodes (precipitation 
< evaporation) salts and cations become more concentrated, reflected by increases in 
alkalinity and pH (Cumming 1995, Fritz 1996, McGowan et al., 2003). For example, 
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climate driven fluctuations between fresh and more dilute episodes of lake development 
have been linked to periods of increased moisture availability and aridity, in the 
Canadian Yukon (Pienitz et al., 2000). Similarly, evidence for changes in lake mixing 
regimes related to climate-driven shifts in conductivity have been identified from pigment 
and diatom community reconstructions in south western Greenland (McGowan et al., 
2003). Specifically, the fluctuating presence of the pigment okenone, indicative of purple 
sulphur bacteria and anoxic conditions, indicates that there have been periods of 
meromixis and stratification related to periods of aridity. These episodes of increased 
aridity coincide with high DI-conductivity values. These studies reflect that climate can 
directly affect lake ontogeny, where site specific characteristics such as lake depth and 
geomorphology permit, by modifying lake water chemistry and within-lake processes.  
 
Research in the High Arctic also suggests that chemical trends (pH) in lake ontogeny 
can be driven by climate (temperature) directly, which in turn affects the composition of 
diatom communities. Diatoms are frequently used to reconstruct lake water pH, which is 
considered the most important variable controlling species composition in freshwater 
systems (Battarbee et al., 1999, Battarbee et al., 2001). It has been proposed that 
climate has a first order control on the pH of poorly buffered, oligotrophic lakes (Joynt 
and Wolfe 2001, Wolfe 2002, Michelutti et al., 2006,) and alpine lakes, (Psenner and 
Schmidt 1992, Sommaruga -Wograth et al., 1997, Koinig et al., 1998). Fossil diatom 
assemblages from lakes in the Canadian High Arctic revealed that both pH and 
production increase during warm episodes and decline during cold periods. These 
results led to the suggestion that climate is the main factor driving ontogeny (biological 
production and pH) of High Arctic lakes (Wolfe and Hartling 1996, Wolfe et al., 2000, 
Wolfe 2002, Michelutti et al., 2007), For example, diatom assemblages were used to 
reconstruct pH for the last 5 kyr from two lakes on Baffin Island, the Canadian Arctic 
(Wolfe 2002). Despite different catchment geomorphology and diatom floras, the transfer 
function indicated that pH declined in relation to neoglacial cooling in the region (Wolfe 
2002). However, several climate related processes can indirectly cause pH increases in 
poorly buffered lakes, including changes in: (1) increased weathering rates which 
release base cations into the lake; (2) snow cover in the catchment which in turn 
influences the amount of acid neutralizing dust going into the lake (can be anthropogenic 
or aeolian); and (3) catchment vegetation (Psenner and Schmidt 1992, Sommaruga-
Wograth et al., 1997, Koinig et al., 1998). Specifically, warmer temperatures increase 
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chemical weathering and the release of base cations into the lake which increase 
alkalinity generation. Furthermore, warmer temperatures result in greater rates of 
terrestrial and within lake production, and decomposition which may lead to increased 
nutrient input into the lake, and increased rates of nutrient cycling both within the lake 
and in the catchment. The most significant process believed to control pH changes in 
High Arctic lakes in igneous catchments is DIC speciation (e.g., CO2 + H2CO3, and HCO3
-
 
+CO3
2- ), which is driven by within lake processes and controlled by the duration and 
extent of ice cover (Wolfe 2002). During colder years and periods of prolonged ice cover, 
decreased light penetration and primary productivity reduce the photosynthetic 
drawdown of CO2, reducing the pH of the water. These studies suggest that climate 
shifts can be directly correlated with pH in sensitive poorly buffered (Wolfe 2002) Arctic 
lakes, as long as other edaphic factors are not driving pH in the catchment, such as 
leaching of carbonate lithologies, which strongly influence water chemistry (MacDonald 
et al., 1993, Koinig et al., 1998, Birks et al., 2000, Bigler and Hall 2002). The ontogeny 
trends of High Arctic lakes, and Arctic lakes on acidic igneous bedrock with limited 
vegetation, are comparable to those in well developed catchments where soil and 
vegetation succession drive lake ontogeny (Engstrom and Hansen 1984, Fredskild 1983, 
Renberg et al., 1990, Engstrom et al., 2000, Fritz et al., 2004, Engstrom and Fritz 2006), 
but are the result of different processes.  
 
1.4 Arctic Ontogeny:  The effect of climate on Arctic lakes and catchments  
The evidence from the High Arctic suggests that lake ontogeny (pH and biological 
production) is driven by climate directly. The suggestion that climate directly controls 
lake ontogeny in the High Arctic is related to the “simplicity”  of the catchments and an 
absence of well developed soils and vegetation which eliminates the role of edaphic  
processes in lake development. This interpretation is perhaps overly simplistic because 
depending on the geographic setting, and catchment specific factors, different processes 
could be more important depending on the lake, and the importance of variables driving 
ontogeny could change over time. Further to this, ontogeny research in other areas of 
the Arctic and the low Arctic is limited (see Anderson et al., 2008, Perren et al., 2012). 
The next section outlines the complexity of Arctic lake and catchment processes, and 
how ultimately most processes are driven by climate, directly or indirectly. Consequently, 
Arctic ontogeny should be viewed as a holistic framework, which is controlled by climate 
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but varies depending on the nature of the catchment which filters climate through 
different processes, and which can vary over different time scales. This is 
conceptualized in Figure 1.4.    
  
1.4.1 Catchment hydrology 
Hydrology is determined by temperature and precipitation and underpins most Arctic 
lake and catchment processes. Hydrology plays an important role in Arctic lake 
ontogeny (Figure 1.4) by controlling vegetation and soil development (Fritz et al., 2004), 
weathering and sediment transport (Rubensdotter and Rosqvist 2003), and the transport 
of DOC and nutrients into lakes (Rosén et al., 2009). The precipitation: evaporation ratio 
of a region can also modify water retention time and processes such as evaporative 
enrichment (Anderson and Stedmon 2007).  
 
The hydrological budgets of Arctic lakes are dictated by their geographical location and 
dominant regional atmospheric and oceanic regimes and can be modified by local 
characteristics such as orographic factors and proximity to an ice sheet (Hostetler 1997). 
In general, Arctic precipitation levels are low, and largely occur as snowfall (Ford and 
Bedford 1987), with values rarely exceeding 1000 mm along the western coasts of the  
Greenland and Alaska. In contrast, the inland areas of Greenland and Alaska and the 
Canadian Arctic receive much less precipitation (between 200 - 400 mm). Seasonally, 
most of this precipitation falls during the summer at the inland areas and in the winter at 
the coastal areas (Putnins 1970). The majority of discharge reaches lakes in the summer 
months when catchment snow and ice melt. This melt period lasts for a few days to a 
couple of weeks and is the main annual period of hydrological activity in the catchments. 
The climatic and precipitation differences between coastal and inland areas in the Arctic 
results in limited run off from the summer snow melt in the inland areas and higher levels 
of runoff in coastal catchments due to greater amounts of precipitation (Putnins 1970, 
Lewkowicz and Wolfe 1994, Braun et al., 2000, Forbes and Lamoureux 2005).  
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Figure 1.4 A diagram demonstrating the indirect and direct pathways that climate can affect Arctic lake ontogeny. Dashed lines are the same as non-
dashed lines. 
36 
 
Spring snowpack size and thermal air conditions determine the magnitude and intensity of 
runoff available in Arctic catchments. The warmer temperatures that arrive in spring result in 
rapid snowmelt, with runoff in the late spring typically comprising 80 - 90% of the yearly total 
in the Arctic. Infiltration of the resultant run-off is limited initially by the frozen soil, and later 
the permafrost (Woo and Gregor 1992). In the Canadian Arctic non-glacial watersheds are 
characterised by nival stream flow regimes, with short lived flow (approx 70 -100 days), and 
a maximum discharge generated by spring snow melt (Church 1972, Woo 2000). Cooler 
springs delay snowpack melt processes by creating greater snowpack meltwater storage 
within large snowbanks and channels filled with snow (Woo and Sanuriol 1981). The 
prolonged melt season delays and ponds water which, once released, generates short-lived 
intense runoff which can account for a high proportion of the total seasonal discharge (Woo 
and Sauriol 1981, Hardy 1996).  
 
The inflows of most Arctic lakes function only in the spring when annual ice out occurs, when 
the snow and ice in the catchment melts and the water produced is transported to the lake.  
Groundwater flows are non-existent or present only in the summer months of most 
catchments due the presence of semi-continuous or continuous permafrost. Site specific 
factors such as the extent and type of vegetation and permafrost present in the catchment, 
and the physical characteristics of the catchment such as size, drainage density and 
morphological features can modify the hydrology of Arctic catchments (Kane et al., 1992). 
 
The short cool Arctic summers limit evaporation totals and result in a net positive water 
balance of the lakes, although some of the arid continental regions experience elevated 
evaporation resulting in a negative hydrological balance (Woo et al., 1981, Roulet and Woo, 
1986, Marsh and Bigras, 1988, Rovansek et al., 1996). For example, the lakes in the arid 
continental region of south west Greenland experience negative effective precipitation 
(BÖcher 1949, Anderson et al., 2001, Leng and Anderson 2004, Anderson and Leng 2004). 
In the High Arctic it is much drier, although precipitation generally exceeds evaporation 
resulting in a net catchment gain (Prose and Ommanney 1990, Barber and Finney 2000).  
 
The dominant control of climate upon Arctic lakes and their catchments produces physical 
and biological processes unique to the Arctic. Most Arctic lakes are subjected to the same 
hemispheric climate processes, but are differentiated physically and biologically by regional 
climatic differences for example; the difference in lake chemistry in the lakes along SØndre 
StrØmfjord is thought to largely reflect climatic differences (Anderson and Leng 2004, 
Anderson and Stedmon 2007). Site specific factors are responsible for differences between 
lakes under similar climatic regimes, for example, bedrock geology plays a large role in 
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determining lake water chemistry (e.g., Wolfe 2002), whereas catchment specific factors 
such as catchment to lake ratio can influence nutrient loading from the catchment and DOC 
(Kalff 2002). Consequently, whilst the majority of lakes are classed as oligotrophic (Wolfe 
2002, Wolfe 2003, Michellutti et al., 2006, Anderson et al., 1999, Anderson et al., 2001, 
Vincent and Laybourn-Parry 2008), a diverse range of lakes exist in the Arctic, from 
freshwater to hypersaline, and from perennially ice covered to concentrated brine waters that 
never freeze. The diversity of these different water bodies is reflected in the variety of 
thermal summer regimes, from fully mixed to thermally stratified, and differing chemical 
characteristics, from anoxic to supersaturated with dissolved oxygen and from alkaline to 
ultra-oligotrophic, providing a range of habitats for organisms (Vincent and Laybourn-Parry 
et al., 2008).  
1.4.2 Arctic catchment sedimentary processes  
Arctic hydrology controls sedimentary processes in catchments and is largely seasonal in 
nature. The brief period of intense nival derived discharge generated in Arctic catchments 
during the summer thaw results in high flow competences and fluid shear stresses, therefore 
increasing the potential for higher suspended sediment erosion, transport and subsequent 
deposition (Church 1972, Lewkowicz and Wolfe 1994, Forbes and Lamoureux 2005). Thus, 
the total seasonal suspended sediment transported in a watershed is closely related to the 
intensity and duration of nival discharge for catchments with abundant sediment supply. 
Seasonal suspended sediment concentrations generally reflect stream discharge patterns, 
therefore high concentrations typically occur during or just prior to peak snowmelt runoff 
period (Woo and Sauriol 1981, Lewkowicz and Wolfe 1994, Forbes and Lamerouex 2005).  
 
In Arctic cryonival systems there is, theoretically, a strong link between climate, hydrology, 
sediment transport and formation of the lacustrine record (Retelle and Child 1996, Braun et 
al., 2000, Lewis et al., 2002, Hodder et al., 2007, Cockburn and Lamoureux 2008a, 
Cockburn and Lamoureux 2008b). Sediment input into Arctic lakes is distinctly seasonal and 
controlled by the timing and magnitude of the spring melt. The melting snowpack activates 
slushflow which upon reaching the inflow channels, transports water and sediment into the 
lake. The intensity of the runoff is positively correlated to sediment yields, and has been 
correlated to varve thickness (Retelle and Child 1996). However, differences in the quantity 
of snow cover and the speed of the snowpack melting result in differential sediment delivery 
yields to lakes; the amount of sediment that can be transported is limited by the size of the 
snowpack (in terms of snow-water equivalence), but also the rate that the snow pack melts, 
which is controlled by the summer temperatures and spring rainfall (Cockburn and 
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Lamoureux 2008a, 2008b). When the snowpack is smaller and patchier the potential to 
transport sediment is lower than in years when the snowpack is greater. Lower summer 
temperatures can lead to a fragmented and steady release of water into catchment 
channels, reducing the quantity and size of sediment transported. Rapid warming leads to 
fast melting, runoff, channelization and transport of larger quantities and sizes of sediment to 
a lake (Cockburn and Lamoureux 2008a, 2008b). 
 
Sedimentary grain size can be related to inflow as a parameter to infer past hydrological 
conditions (Retelle and Child 1996, Sundborg and Calles 2001, Schiefer 2006), specifically, 
grain size in the sediment record of most lakes relates to inflow characteristics. Research in 
the High Arctic lake catchment of Melville Island, Nunavut, Canada demonstrated that whilst 
large sediment quantities were correlated to large and rapid discharge in the catchment, 
grain size as a proxy of discharge must be used with caution (Cockburn and Lamoureux 
2008a, 2008b). This is because internal lake processes modify sediment inflow and 
deposition processes which is related to initial density of the inflow in comparison to the lake 
water. Therefore, individual extreme hydrological events, or annual melt events may 
transport large grain sizes and quantities, but internal processes deposit grain sizes 
differentially in time and space within the lake basin (Lamoureux 1999, Lamoureux 2000, 
Cockburn and Lamoureux 2008a). Differential spatial and temporal sediment deposition 
within lake basins has implications for using single cores for multi-proxy sedimentological 
studies to link discharge to sediment size, and where varves are used as a 
palaeoenvironmental record. 
 
Hydrological controls on sedimentation rates can vary in similar lakes under the same 
climatic regime. Using two neighbouring lakes in northern Swedish Lapland Rubensdotter 
and Rosqvist (2003) compared the catchment geomorphology with the lithostratigraphy 
derived from each lake. The results established that the minerogenic influx into the two lakes 
differed over the Holocene period despite similarities in environmental setting. These results 
indicate that hydrological input, and catchment-mediated responses can be modified by 
subtle changes in geomorphology and process activity in the lakeshore region around Alpine 
lakes, significantly affecting the lake sediment composition. 
1.4.3 Geology and weathering  
Weathering rates are generally low in Arctic lake catchments as temperatures and moisture 
are low, and freezing constrains the activity of geochemical processes and microbial activity 
(Vincent and Laybourn-Parry 2008). Catchment geology determines the availability of ions 
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and solutes, derived from chemical weathering processes, which influence lake water 
chemistry and alkalinity. The type of geology in the catchment also dictates the depth and 
type of soils that develop, depending upon the dominant climatic regime.  Two types of 
weathering processes operate in Arctic catchments; mechanical and chemical weathering 
(Schlesinger 1997). Mechanical weathering occurs when smaller particles of rock are 
removed from bedrock by physical processes such as abrasion from flowing water and 
freeze-thaw weathering caused from the expansion and contraction of ice in rock crevices. 
Mechanical weathering generates minerogenic material that can be hydrologically 
transported into the lake and initiates soil development (see Section 1.4.2). Rates of 
mechanical weathering can vary depending on water availability and temperature 
fluctuations, which are factors responsible for freeze-thaw weathering processes 
(Schlesinger 1997). However, it is the chemical weathering of bedrock that provides ions, 
anions, solutes and nutrients that can be delivered to the lake, modifying water chemistry 
(salinity and alkalinity) and biological production (Schlesinger 1997, Kalff 2002). Rates of 
chemical weathering increase with increasing water availability and temperatures, and are 
modified by the extent of soil and vegetation development. Consequently, chemical 
weathering rates are generally low in the Arctic and distinctly seasonal, with the highest 
rates occurring in the winter and the end of spring. Where lakes are in catchments with 
carbonate bedrock (e.g., limestone and dolomites) carbonic and organic acids result from 
chemical weathering which result in the release of carbonates and cations, typically of Mg 
and Ca, which buffer the lake from acidic inputs (high acid neutralizing capacity ANC). 
Where lake catchments are on hard igneous bedrock (e.g., granite and gneiss), composed 
of silicates, very few minerals go into solution, and limited quantities of base cations are 
available to buffer lake waters. Instead, a considerable amount weak acid anions and silica 
and aluminum are released as secondary minerals, rather than cations, during the 
weathering process and form catchment clays. Over time, with an absence of neutralizing 
cations, lake waters generally become more acidic (Schlesinger 1997, Kalff 2002).  
1.4.4 Arctic soils and vegetation 
Many Arctic lake catchments are sparse in vegetation, especially lakes in the High Arctic and 
high altitude sites, and demonstrate limited soil development (Fogg 1998, Vincent and 
Laybourn-Parry 2008 and references therein). Trees are absent from the majority of the 
Arctic, occurring up to the treeline or the Arctic Front (10°C July isotherm) (Bryson 1966). 
Where moisture permits, dwarf shrubs and mosses and grasses develop, and in arid Arctic 
regions vegetation development is rare or limited to only grasses and mosses. Low 
temperatures and limited water percolation in most Arctic locations result in limited 
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weathering, biomass production and microbial activity, which restrict soil development. 
However, the nature of vegetation, bedrock geology and dominant climate plays a significant 
role in the extent and type of soil development in the Arctic, resulting in a range of different 
soil types throughout the Arctic. Based upon the range of climatic environments, Tedrow 
(1977) classified Arctic soils depending upon their location. These classifications were, from 
most arid and cool to higher moisture and temperature, cold desert, polar desert, sub-polar 
desert (low Arctic), and also a classification for tundra (Tedrow 1977). However, this 
classification does not account for differences in microclimates as a result of altitude, where 
different soils and vegetation can exist under the same climatic regime. For example, lakes 
in south western Greenland within 10 km of each other, but at different altitudes can exhibit 
very different soils and vegetation (McGowan and Liversidge personal observation). The 
nature of Arctic soils and permafrost, where it is present, exert a strong influence on 
catchment processes and geochemical interactions (Lameroux and Gilbert 2004), and can 
impact upon lake water chemistry and aquatic biological communities (Fritz et al., 2004, 
Norton et al., 2011). 
1.4.5 Nutrients and Arctic lake biological production 
Nutrient delivery from the catchment to Arctic lakes is often low, related to limited weathering 
and decomposition, and is restricted to the spring when melting snow and ice flush recently 
weathered minerals into the lake system (Wolfe 2002, Michellutti et al., 2006, Vincent and 
Laybourn-Parry 2008). Most Arctic lakes are oligotrophic and limited in both N and P 
(Villeneuve et al., 2001, Bonilla et al., 2005); although this varies depending upon catchment 
specific factors such as soils development and geology (Norton et al., 2011). Consequently, 
organisms in Arctic lakes often rely on nutrients from internal lake recycling processes rather 
than export from the catchment, where nitrates are commonly sequestered by vegetation, if 
present. In Arctic lakes, it is common for benthic phototrophic communities to dominate 
primary production due to high rates of nutrient accumulation and recycling within the 
benthos (Villeneuve et al., 2001, Bonilla et al., 2005). However, generally benthic microbes 
and cyanobacteria play a vital role in nitrogen fixation and the release of soluble reactive 
phosphorus (SRP) from the sediments of Arctic lakes, facilitating sustained primary 
production in nutrient limited lakes (Priscu 1995, Laybourn-Parry 2003, Vincent and 
Laybourn-Parry et al., 2008, Norton et al., 2011). During the last 150 years the shifts 
identified in circum-Arctic diatom assemblages, to more mesotrophic planktonic diatoms 
communities, which have been attributed to global warming trends (Smol et al., 2005), could 
be reflecting the input of long-range atmospheric deposition of anthropogenically fixed 
nitrogen into Arctic catchments (Anderson pers. comm., Wolfe et al., 2001).  Similarly, 
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allochthonous DOC derived from catchment vegetation and soils can also act as a source of 
nutrients for diatoms, heterotrophs such as chrysophyte cysts and planktonic 
bacterioplankton. In oligotrophic Arctic lakes where a sudden increase in DOC delivery from 
the catchment has occurred, rapid increases in planktonic diatom production have been 
witnessed (Hansson 1992). Planktonic production is maintained by nutrient availability which 
varies with DOC (Karlsson et al., 2005). Similarly, seasonal increases in planktonic 
bacterioplankton have been associated with the inwash of allochthonous DOC and nutrients 
in the spring of Arctic lakes (Crump et al., 2003).  
1.4.6 The role of DOC 
DOC plays an important role in lake ontogeny.  DOC modifies the acidity of lake waters (Fritz 
et al., 2004), it can provide a nutrient source for lake biota (Hansson 1992, Crump et al., 
2003, Karlsson et al., 2005) and determine light availability to the benthos (see Figure 1.4); 
all of which are factors which can control water chemistry and diatom communities 
(Mulholland 2003, Fritz et al., 2004, Chandra et al., 2005, Rosén 2009). DOC can be 
produced allochthonously or autochonously. Allochthonous DOC production is derived from 
the production of humic acids in the soil and vegetation. Autochonous DOC is produced from 
biological processes within the lake. However, in subarctic lakes DOC is largely derived from 
terrestrial sources (Karlsson et al., 2003) and is seasonal, occurring in the spring when the 
greatest amount of water is available to transport DOC from the soils. Climatic processes 
can determine the production and delivery of allochthonous derived DOC. Temperature 
facilitates the development of soils, vegetation and humic acids, and precipitation transports 
DOC from the catchment to the lake. Changes in the moisture budgets and average air 
temperature can therefore modify the amount of DOC produced and transported to the lake 
(Mulholland 2003). Periods of aridity lead to thinner soil development and less precipitation 
to transport humic acids into lakes, and periods of increased moisture availability enhance 
soil development and increase the transport of allochthonous DOC. Temperature also 
affects evaporation rates in the catchment which may reduce the water available for the 
transport of DOC, and acts to concentrate DOC in closed or poorly flushed lakes (Anderson 
and Stedmon 2007, Mullholland 2003). Periods of warming in catchments dominated by 
permafrost also experience a release of old carbon into Arctic lakes (Striegl et al., 2005).  
 
The introduction of DOC into Arctic lakes often results in a rapid decline in lake water pH, 
related to the presence of humic and organic acids (Mulholland 2003, Fritz et al., 2004). 
Where DOC enters lakes with low Acidity Neutralizing Capacity or lakes in igneous 
catchments, the decline in pH can be large. In boreal catchments, the development of 
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spruce, pines and thick soils lead to the transport of DOC as humic acids to the lakes 
(Engstrom 1987); catchments with more trees produce more DOC (Fallu and Pienitz 1999, 
Vincent and Pienitz 1997, Pienitz et al., 1997). Changes in regional climate can initiate 
changes in catchment soils and vegetation, thereby indirectly affecting lake pH. For 
example, a decline in temperature initiated by climatic changes in the polar front can result in 
a loss of trees in high altitude boreal catchments (Bryson 1966, Larsen 1989, Timoney et al., 
1992, Pientiz et al., 1999, Korhola et al., 2000, Rosén et al., 2000, Finney et al., 2004), 
which results in a decline in DOC export from the catchment to the lake, changing the water 
pH. Vegetated Arctic lakes will therefore be susceptible to pH decline that may be initiated 
by climate-mediated soil and vegetation development and the subsequent input of DOC.  
 
The increased presence of DOC in a lake can significantly reduce the proportions of benthic 
diatoms relative to planktonic, and result in a shift towards acidophilous rather than 
alkaliphilous diatom assemblages (Rosén et al., 2009). Evidence from subarctic lakes in 
Sweden has demonstrated that periods of high DOC are dominated by a decline in the 
proportion of benthic diatoms, which are regulated by light availability (Hansson 1992), and 
an increase in planktonic species such as Cyclotella comensis. Conversely, periods of low 
DOC are related to a decline in the proportion of planktonic species and a dominance of 
benthic Fragilaria species, which benefit from the increased light availability (Rosén et al., 
2009). Increased DOC also leads to increased warming and stratification in the water, 
providing a competitive advantage for smaller planktonic species such as Cyclotella 
stelligera which have more chance of remaining in the photic zone under these conditions 
(Kalff 2002, Winder and Hunter 2008). The input of large amounts of DOC has been found to 
have the greatest impact on the biological structure of oligotrophic lakes, where it can act as 
an additional nutrient source to both hetrotrophic organisms such as chrysophytes and 
autotrophs such as planktonic diatoms.  Warming temperatures can also release old carbon 
from catchments with melting permafrost, leading to increased transport of DOC into lakes, 
elevating biological planktonic production (Striegl et al., 2005). 
 
DOC acts as a photoprotectant to biological organisms in the lake, from the damaging 
effects of UVR (Schindler et al., 1996, Molot et al., 2004, Evans et al., 2006). Periods of low 
DOC can lead to the penetration of harmful UVR into the lake which can be fatal for aquatic 
organisms. Some organisms produce a photoprotective pigment compound during exposure 
to high quantities of UVR (Leavitt et al., 1997, Leavitt et al., 1999). For example, in a multi-
proxy study of the Queens and Toronto lakes in the north American sub-Arctic, the migration 
of coniferous trees into the catchments corresponded with warm periods and increases in 
DI-DOC and a decrease by two orders of magnitude in UVR pigments (Pienitz and Vincent 
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2000). The return of tundra in the catchment during a colder episode saw a decrease in the 
DI-DOC and increase in UVR. High levels of UVR can structure biotic lake communities 
(Fritz and Engstrom 1995, Engstrom et al., 2000, Williamson et al., 2001). For example, 
littoral diatoms are very sensitive to UVR (Vinebrooke and Leavitt 1988, Watkins et al., 2001) 
as is the species Achnanthes munitissima. Research indicates that extreme UVR 
transparency is a mechanism directing the early development of lake ecosystems in high 
latitude locations, and may therefore play an important role in the early stages of ontogeny in 
theses lakes.  
1.4.7 Mixing and lake stratification 
Arctic lakes generally experience months of prolonged ice cover and darkness (often up to 
nine months a year), persistently cold air and water temperatures (Rouse et al., 1997, 
Vincent and Laybourn-Parry et al., 2008), and continuous sunlight at low angle of incident 
solar radiation during the summer. These physical conditions, depending upon site specific 
factors such as water chemistry and lake depth, produce a range of mixing and stratification 
regimes from cold monomictic, or dimictic lakes (Perren et al., 2012). Where strong 
stratification develops in lakes, either due to temperature or water chemistry (i.e., salinity), 
lakes waters may never mix completely, becoming meromictic (Anderson et al., 1999, 
McGowan et al., 2003, Vincent and Laybourn-Parry 2008, Bennike et al., 2010). Increased 
quantities of DOC within lakes can also elevate epilimnion water temperatures and lead to 
intensified thermal stratification in lakes (Kalff 2002). Mixing plays an important role in 
nutrient recycling, releasing nutrients from the hypolimnion, and also adding oxygen to the 
depleted bottom waters. Both of these processes have important implications for biological 
production in lakes. 
 
The timing of ice-off coincides with warmer temperatures, nutrient influxes from the 
catchment to the lake, and greater light availability for photosynthesis, thereby facilitating the 
onset of the biologically productive period (Wolfe 2000, Wolfe 2002, Vincent and Laybourn-
Parry 2008). The exact date of ice-off of an Arctic lake is determined by regional climatic 
trends and varies inter-annually, reflecting long-term climatic trends, although can be 
modified by site specific characteristic, such as lake depth and the extent and duration of ice 
cover (Broderson and Anderson 2000). The water column of deep lakes acts as a sink for 
thermal energy leading to prolonged and deeper ice cover in the summer months, and later 
ice-off dates. However, deep lakes also remain warmer for longer into the autumn, delaying 
ice-on, a processes observed at Great Slave Lake, Canadian Arctic (Oswald and Rouse 
2004). Similarly, thick snow cover acts as a thermal insulator, decreasing the depth of ice 
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and vice versa (Douglas and Smol 2000). The timing of ice-on, ice-off and the extent of snow 
cover are pivotal in controlling the biology and limnology of Arctic lakes (Smol 1983, Smol 
1988, Wolfe 2000, Wolfe 2002). 
1.5 Holocene climatic variability in the north Atlantic region 
The present day interglacial, the Holocene, was initially considered to have been a relatively 
stable climatic episode (Dansgaard et al., 1993, Johnsen et al., 1995). However, evidence 
from the Greenland ice-core records and northern Atlantic Ocean sediment cores have 
highlighted that the Holocene was punctuated with millennial-scale climate changes that 
occurred approximately every 1400-1500 years (Bond et al., 1993, O’Brien et al., 1995, 
Dahl-Jensen et al., 1998, Viau et al., 2002, Mayewski et al., 2004, Rasmussen et al., 2007). 
These millennial scale climate changes are part of a larger cycle of progressively cooler 
climatic oscillations, called Bond Cycles (Bond et al., 1993). The cyclicity of the Holocene 
Bond Cycles are comparable to the Dansgaard-Oeschger events (D-O Events) (Dansgaard 
et al., 1993, Broecker et al., 1992) which characterized the last glacial period. D-O events 
were associated with abrupt warming of approximately 8-12°C in couple of centuries, a 
gradual cooling over several centuries and a rapid drop back to cold stadial conditions (Alley 
et al., 1997, Bond et al., 1997, Ruddiman and McIntyre 1981). The initial rapid warming 
during D-O episodes prompted ice-sheet wastage and large quantities of icebergs and ice-
rafted debris (IRD) to enter the northern Atlantic during Heinrich Events (Bond et al., 1993, 
Broecker 1994). The associated increase in freshwater outflow into the northern Atlantic 
during D-O events caused a slowdown of North Atlantic Deepwater Formation (NADW).   
 
It has been suggested that solar forcing may be the mechanism responsible for the cyclical 
1500 year bond cycles, causing changes in the surface hydrogeography of the north Atlantic 
which may have affected NADW, therefore amplifying solar signals and distributing them 
globally (Bond et al., 2001). It has also been hypothesized that bond cycles and D-O events 
are caused by the interaction of weak solar periodicity and noise in the north Atlantic climate 
system (Alley et al., 2001). The hydrogeographic changes experienced in the north Atlantic 
during bond cycles are tightly coupled with changes in hemispheric circulation above 
Greenland, casing an expansion of the polar vortex or an intensification of meridional flow 
during the cold episodes (O’Brien et al., 1995). These atmospheric and oceanic changes 
reflect a colder, drier and windier climate during the cold episodes of bond cycles in the north 
Atlantic.  
 
The most extensive of the millennial scale Holocene climate oscillations are the 8.2 ka event 
(Alley et al., 1997, O’Brian et al., 1995, Campbell et al., 1998) and the Little Ice Age (LIA). 
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Both the 8.2 ka event and the LIA occured during established bond cycles, and the LIA is the 
most recent manifestation of one of these events. The 8.2 ka event is recorded in the 
Greenland ice core records (Dansgaard et al., 1993, Grootes et al., 1993) and in 
palaeoclimate proxies globally (e,g., Klitgaard-Kristensen et al., 1998, Campbell et al., 1998, 
Street-Perrott and Perrott 1990), although the signal is stronger and more pronounced in the 
northern hemisphere (Rohling and Pälike 2005). There are a range dates proposed for the 
onset and duration of the 8.2 ka event (See Rohling and Pälike 2005), the GISP record 
suggests that the 8.2 ka event lasted between 8.25 - 8.15 ka. However, Rohling and Pälike 
2005 suggest that the 8.2 ka event is part of a broader spatial scale climate anomaly which 
lasted from 8.5 - 8.0 ka with a sharp climate event at 8.2 ka which was focused in the north 
Atlantic region. The 8.2 ka event was characterized by a sudden cooling, higher aridity and 
stormier conditions than during the early Holocene (Blunier et al., 1995, Alley et al., 1997). It 
is proposed that the 8.2 ka event may have been the result of the input of large volumes of 
freshwater from the drainage of lakes Agassiz and Ojiburg (~8.47 ka yr) during the latter 
phases of deglaciation of the Laurentide ice-sheet, which caused a slowdown and 
perturbation of the formation of NADW (Renssen et al., 2001, Rohling and Pälike 2005). 
However, it is also suggested, as with other cyclical, abrupt millennial scale climate changes 
during the Holocene, that solar forcing may amplify the changes associated with NADW 
(Bond, et al., 2001, Rohling and Pälike 2005). 
 
A further example of a millennial scale climate event is the LIA. There is a lack of consensus 
over the timing, extent, duration and causal mechanisms of the LIA. However, the LIA is now 
thought to consist of 2 phases of cooling, an initial cooling episode between 1275 - 1300 AD 
and an intensification of cooling between 1430-1455 AD (Grove 1988, Miller et al., 2012). 
With the exception of Antarctica, the LIA has been identified globally, although is more 
pronounced in the northern Atlantic region and north western Europe (Grove 1988, Broecker 
2001, Mann 2002). Combined with LIA cooling (~0.6°C decline in temperatures) was a more 
arid and continental climate (Grinsted et al., 2006). However, the timing of the timing and 
nature of the LIA is highly variable from region to region (Mann 2002). In Greenland, the LIA 
is recorded in the ice core records from GRIP and Dye 3 at 1550 and 1850 AD (Dahl-Jensen 
et al., 1998). It is possible that over the broader scale of the LIA lasted from 1400-1900 AD. 
Various mechanisms are proposed for the onset of the LIA including a decline in insolation 
and the Maunder Minimum (Eddy 1976, Mann et al., 1998, Schmidt et al., 2011), increased 
volcanism (Mann et al., 2009), increased sea-ice feedbacks (Serreze and Francis 2006), a 
negative Northern Atlantic Oscillation (Mann 2002) and changes in the NADW.    
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Preceding the LIA was a pronounced warming event called the medieval warm period 
(MWP) which occurred between 1200 - 800 AD. The timing and the nature of the MWP is 
variable from region to region but was purportedly global in extent (Jones and Bradley 1993, 
Broecker 2001, Bradley et al., 2003). Anecdotal evidence suggests that the MWP in Europe 
was characterized by warm dry summers and mild winters (Lamb 1965).  The differential 
timings and extent of the MWP may be attributable to solar forcing, volcanism and changes 
in oceanic and atmospheric circulation are all plausible mechanisms (Broecker 2001, 
Bradley et al., 2003). 
1.6 Holocene climatic variability in south western Greenland 
The study region, which is located in south western Greenland in the widest ice-free area on 
the island, is characterized by a climatic gradient that stretches from the inland ice margin 
out to the coast (Figure 1.6). Presently, the coastal region, near to the town of Sisimiut, 
receives more precipitation and is colder than inland (mean annual  temperature is -3.7°C 
and average precipitation > 500 mm yr-1), near to the settlement of Kangerlussuaq, which is 
warmer, and receives less precipitation (average JJA temperature is 9.8°C and precipitation 
~ 150 mm yr-1 ). For a more detailed discussion of the climate of the two study sites see 
Chapter 2. However, it is likely that during the Holocene changes in climate may have 
altered the climatic regimes in the two study areas, which may have had implications for their 
development and long-term ontogeny.  
 
Evidence from the ice core records from central Greenland identified hemispheric changes in 
Holocene climate. Specifically, temperatures in Greenland were warmer than today during 
the mid Holocene Thermal Maximum (HTM), when climate was relatively stable (Stieg 1999) 
from 9000-5000 BP. Neoglacial cooling in the area began about 5000 - 4000 cal years BP 
and lasted until approximately 1500 cal. yrs BP.  The MWP occurred at ~1300 cal. years BP, 
and was followed by a cooling trend which culminated at ~500 cal. years BP in the LIA 
(Dahl-Jensen et al. 1998, Hanna & Cappelen 2003). Different dates have been suggested 
for the timing of the HTM; 8200 - 5400 cal. yr BP (Grootes et al.,  1993), 8000 - 6000 cal. yrs 
BP (Kapsner et al., 1995), 8200 - 6500 cal. yrs BP (Cuffey et al., 1997) and 8200 - 4500 cal. 
yrs BP (Dahl-Jensen 1998). However, despite uncertainty around the exact timing and 
duration of the these events it is accepted that Holocene climate variability can be defined by 
three climatic episodes, the HTM, neoglacial and the last ~1500 cal. years (including the 
MWP and LIA). 
 
The ice core records do not accurately represent the small-scale regional climatic changes 
that can occur (Levesque et al., 1997). However, small Arctic lakes and ponds are 
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particularly sensitive to climatic perturbations (Douglas et al., 1994, Rouse et al., 1997), 
often providing continuous evidence of climatic changes in the biological record of the lake 
sediments. After the retreat of the ice-sheet from its maximum extent during the LGM in 
south western Greenland, thousands of lakes were created that can be used as 
palaeoclimatological and palaeolimnological archives, providing information about regional 
and local climate in south-western Greenland during the Holocene.  
 
The Greenland ice core records indicate that the HTM was characterized by much warmer 
temperatures than today between ~8000 - 5000 cal. years BP (Dahl-Jensen et al., 1998). 
Palaeolimnological evidence from the inland lakes of south western Greenland supports the 
presence of a warmer and drier climate at this time (Kelly, 1985, Fredskild 1973, Funder and 
Fredskild, 1989, Fredskild 1996, Willemse and TÖrnqvist, 1999, Bennike, 2000). However, 
the HTM was not a stable climatic period and was highly variable up until ~4600 cal. years 
BP (Fredskild 1996, Bennike 2000, Bennike et al., 2010, McGowan et al., 2003, Anderson 
and Leng 2004, Aebly and Fritz 2009). The presence of ostracod shells from the Llyocypris 
bradyi species in lakes SS6 and lake Store SaltØ between 7000 - 6000 cal. years BP, 
indicate that warming reached a maximum at this time (Bennike 2000). The Llyocypris bradyi 
species is absent from present day fauna and is a non-Arctic, thermophilous taxon. The 
presence of Llyocypris bradyi marks the peak of the HTM (peak of the HTM hereafter).  The 
peak of the HTM is comparable to a period of very low effective moisture identified in the DI 
conductivity at SS6 and Braya SØ ca. 6800 - 6000 cal years BP (McGowan et al., 2003, 
Aebly and Fritz 2009) and in the isotope record ca. 7000 - 5600 cal. years BP (Anderson and 
Leng 2004). It has been proposed that the warmer drier climate of the HTM was associated 
with a 14 day increase in the ice-free period and temperatures 2.5°C warmer than today 
(Aebly and Fritz 2009). The warm and arid climate also resulted in a negative precipitation 
balance causing lake level lowering, of  ~18 m relative to present (Aebly and Fritz 2009),  
and evaporative enrichment of nutrients and ions (McGowan et al., 2003). In coastal 
localities, high concentrations of sulphur in lake sediment records prior to 6000 cal. years BP 
is indicative of a warmer and more arid climate during the HTM (Figure 1.5), associated with 
low rates of hydrological flushing at this time (Wagner and Bennike 2012). 
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Figure 1.5 Evidence for Holocene climatic variability in Greenland and south western Greenland. Total 
Sulphur (%) from the coastal lake Sisi 15 (Wagner and Bennike 2012), Na+ (ppb) from GISP2 (Mayewski et 
al., 2004), δ
18
O record and DI-conductivity from Braya SØ (Anderson and Leng 2004 and McGowan et al., 
2003), the GRIP ice-core temperature record (Dahl-Jensen et al., 1998), and June insolation (Berger and 
Loutre 1991). The black lines across the diagram represent the mid-HTM (9000 - 4000 cal. years BP) and 
the last 1500 cal. years BP. The blue shading represents the timing of the peak of the HTM (Bennike et al., 
2010). 
 
After the peak of the HTM, there was a shift to a wetter and cooler climate at ca. 5600 cal. 
years BP (Eisner 1995, Anderson and Leng 2004, McGowan et al., 2008).The DI-
conductivity from two neighbouring closed basin oligosaline lakes, SS6 and Braya SØ, 
revealed a continuous decline in DI-conductivity to minimum values (<400 S/cm) between ~ 
4700 until ~ 4000 cal. years BP, reflecting a period of rising lake levels (Figure 1.5). The 
same hydrological trends were reflected in the δO18 record from ca. 5600 - 4000 cal. yr BP 
(Anderson and Leng 2004). At coastal localities, a decrease in sulphur in the lake records 
from ca. 6500 cal. years BP reflects a change from a warmer arid region and lower rates of 
hydrological flushing (Figure 1.5), to a wetter cooler climate and higher rates of hydrological 
flushing which act to reduce the concentration of sulphur in the lakes (Wagner and Bennike 
2012). 
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Different dates have been published for the onset of neoglacial cooling in south western 
Greenland. The pollen records demonstrated major inflections at ca. 3000 and ca. 2000 cal. 
years BP (Funder and Fredskild 1989). However, more recently the onset of the neoglacial 
has been dated to ca. 4000 cal. years BP (Anderson et al., 1999) which corroborates with 
the end of the warm period identified in the Greenland ice core (Dahl-Jensen et al., 1998). 
Both inland and at coastal localities, the onset of neoglacial cooling at ca. 4000 cal. years BP 
(Figure 1.5), was marked by much colder and wetter conditions than previously experienced 
during the Holocene (Fredskild 1983).There is evidence for a switch to variable positive 
precipitation: evaporation ratio, decreased conductivity and lake level increases at this time 
from lake Braya SØ and SS6 (McGowan et al., 2003). Similarly, geomorphological and 
sedimentological evidence from the inland region has revealed that two pluvial periods 
occurred at ca. 4600 and 2000 cal. years BP, with mean annual precipitation estimated at 
130 mm and 70 mm higher than today, respectively (Aebly and Fritz 2009). At the coastal 
region, there is little evidence of the neoglacial. However, an increase in Cenococcum 
geophilum sclerotia and an increase in TOC at ca. 4500 cal. years BP have been linked to 
increased erosion related to catchment degradation during the neoglacial (Wagner and 
Bennike 2012). 
 
The shift from a dynamic and very arid early Holocene to higher levels of effective 
precipitation in the latter Holocene (McGowan et al., 2003, Anderson and Leng 2004) may 
have been driven by changes in atmospheric circulation between 6100 and 5000 cal. years 
BP, caused by an expansion of the north polar vortex or by increased meridional air flow 
(O’Brien et al., 1995). Regional pollen records from south western Greenland (Fredskild, 
1984) also provide evidence for southward movement of the polar front ca. 5000 cal. years 
BP. Higher temperatures combined with greater insolation during the peak of the HTM led to 
elevated evaporation, and drier conditions prior to ca. 5600 cal. years BP. Similarly, the 
inland region is strongly influenced by a high pressure area over the ice-sheet which has 
continuously blocked humid weather fronts over the past 4000 years (Barry and Kiladis 
1982). The variable DI-oscillations present in the SS6 and Braya SØ records during the 
neoglacial (post 4000 cal. years BP) suggest rapid (decadal to centennial) shifts in the 
precipitation: evaporation balance which are amplified by in-lake processes (McGowan et al., 
2003). Decadal-scale climate changes in SØndre StrØmfjord are driven by mechanisms such 
as the NAO (Appenzeller et al., 1998) and by the position of a tropospheric depression 
trough over Baffin Bay, which determines the dominant wind direction and summer 
temperatures (Williams and Bradley 1985, Barlow et al., 1997). The oscillations in the DI-
conductivity may therefore reflect greater climate complexity and reorganization in the late 
Holocene (Zdanowicz et al., 2000, O’Brien et al., 1995).  
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The last ca. 1500 cal. years of climate history in Greenland were characterised by a warming 
event at ca. 1300 cal. years BP, called the medieval warm period, followed by a continuation 
of the cooling trend, which culminated in the LIA (last ca. 500 cal. years BP) (Dahl-Jensen et 
al., 1998). Evidence from the inland region suggests that climate was cool, arid and windy 
during the LIA and was associated with two episodes of extensive aeolian activity between 
1300 - 1100 cal. years BP (Willemse and TÖrnqvist 1999) and at ca. 550 cal. years BP 
(Willemse et al., 2003). There is also evidence for landscape degradation associated with 
the climate of the LIA (Heggen et al., 2010). In the coastal region, there is little evidence 
documenting the climate during the last 1500 cal. years BP.  
1.7 Lake ontogeny trends in south western Greenland 
Different ontogeny trajectories can be identified in the literature from south western 
Greenland (Anderson et al., 2004). All lakes in the region demonstrate similar trends in the 
immediate post-glacial period, after which, depending upon the climatic and specific features 
of the catchment, generally become more or less productive over time (McGowan et al., 
2003, Anderson et al., 2004, Anderson et al., 2008, McGowan et al., 2008, Perren et al., 
2012). However, these development trajectories do exhibit some differences in the short-
term, thought to relate to differences in the nature of the catchments (e.g., soil and 
vegetation development, and geomorphology).The first stage, which is present in most early 
Holocene lake sediment records from deglaciated regions (Pearsall 1921, Thienemann 
1931, Naumann 1932, Crocker and Major 1955, Fritz et al., 2004, Norton et al., 2011), 
occurs immediately after deglaciation of the catchments. The availability of glacial till in the 
catchments acts as a source of base-rich cations and nutrients, leading to highly alkaline 
waters, a peak in biological production and organic sedimentation (Fredskild 1977, Fredskild 
1983a, Fredskild 1992, Willemse 2002). Where catchment geology is dominated by 
carbonate-rich bedrock, this stage can be defined by high rates of calcite deposition.  
 
After the first stage in ontogeny, lakes demonstrate either one of two trends, tending towards 
oligotrophication or enrichment, with a concomitant decline in pH and biological production, 
respectively. Generally, the freshwater lakes in south-west Greenland demonstrate 
oligotrophication and a decline in nutrients and biological production (Fredskild 1983, 
Anderson et al, 2008, Heggen et al., 2010, Perren 2012). Due to the presence of vegetation 
in this region of the Arctic, the onset of oligotrophication is linked to vegetation and soil 
development (Anderson et al., 2008, Heggen et al., 2010), which sequester nutrients and 
base cations, limiting nutrient and cation export to the lake. The process of oligotrophication 
and declining alkalinity is exacerbated at this stage by the development of humic acids in the 
catchment soils which further decrease soil and lake alkalinity (Fredskild 1977, Fredskild 
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1983a, Hansen and Engstrom 1986, Davis et al., 1985, FØged 1989, Fredskild 1992).  The 
timing of the onset of oligotrophication and declining alkalinity inland has been dated to ca. 
6500 cal. years BP at two of the freshwater inland lakes (SS16 and SS2, see Figure 1.6) and 
associated with the arrival of Betula nana, which sequestered any remaining nutrient away 
from the lake (Anderson et al., 2008, Heggen et al., 2010). The arrival of Betula nana in the 
region marked a significant change in the landscape in south western Greenland (Fredskild 
and RØen 1982, Bennike 2000) and is related to the onset of the cooler and wetter 
conditions of the late HTM. To date, only one study has investigated the ontogeny of the 
coastal lakes in south western Greenland, which suggests that oligotrophication began at ca. 
6000 cal. years BP, although no suggestion is made to as why this may have occurred in 
this region (Perren et al., 2012).The inland studies (SS16 and SS2, see Figure 1.6), provide 
evidence for regional climate forcing indirectly controlling lake ontogeny, by firstly modifying 
the soils and vegetation which then modifies lake ontogeny. The introduction of Betula nana 
into the catchment at SS2 was responsible for between 12-17% of variation in the biological 
proxies (12-17% in the chironomids and 9% in the pigments), substantially more than climate 
(GRIP temperature), which only accounted for a high amount of the variance in the 
chironomids (8%). Climate-driven vegetation succession appears to play an important role in 
ontogeny of the freshwater lakes in south western Greenland, especially inland. However, 
there is a paucity of palaeolimnological data from the coastal region of south western 
Greenland, where the climate is more maritime and more mountainous than inland, 
producing a range of geographic setting for lakes (e.g., from high altitude catchments similar 
to High Arctic lakes, from steep-sided mountainous catchments with hydrologically-sensitive 
catchments).   
 
The oligosaline and saline lakes in the inland region of south western Greenland indicate 
that lake ontogeny is closely coupled with regional climate. Two neighboring closed basin 
saline lakes (Braya SØ, and SS6, see Figure 1.6) demonstrated comparable long-term 
trends in Holocene production (McGowan et al., 2008) and DI-conductivity (McGowan et al., 
2003). Specifically, the results of these two studies indicated an increase in DI-conductivity 
and production in the early Holocene (prior to 6850 cal. years BP), followed by a decline in 
the mid Holocene (between 4800 - 1200 cal. years BP) and an increase in the late Holocene 
(from 1200 cal. years BP) (McGowan et al., 2003, McGowan et al., 2008). Changes in the 
regional moisture budget and therefore shifts in the precipitation: evaporation ratio control 
lake level in this area. Periods of high aridity, and a low precipitation: evaporation ratio, result 
in lake level lowering and evaporative enrichment of nutrients and ions. Cooler and wetter 
climates result in an increase in lake level and dilution of nutrient and ions in the lake waters 
(McGowan et al., 2003). McGowan et al., (2008) statistically analysed the significance of  
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Figure 1.6 Map demonstrating the study region in south western Greenland and the location and names 
of the lakes that have contributed to the research on ontogeny in this region are marked on with white 
circles. The inland region where SS6 is located is dominated by a continental and arid climate. At the 
coast the climate is dominated by a cooler, wetter maritime climate. 
 
 
climate in determining long-term (Holocene) autotrophic production in lakes SS6 and Braya 
SØ (Figure 1.6). The results suggested that climate (GRIP temperature) was the dominant 
factor controlling autotrophic production over the Holocene in these lakes. However, over 
shorter time scales lake production can be modified by non-linear and indirect within-lake 
processes (McGowan et al., 2008). Thus, it appears that the saline lakes of south- 
western Greenland may be controlled by climate more directly than the freshwater lakes that 
are modified by catchment processes. 
 
It appears that the lakes of south western Greenland may demonstrate comparable long-
term ontogeny trends despite differences in climatic (inland is a continental climate and the 
coastal region is a more maritime climate) and geographic settings (e.g., closed and open 
basins). For example at approximately 3500 cal. years BP in lake SS2 (Anderson et al., 
2008), the oligotrophication trend was interrupted by a rapid and large increase in DI-
alkalinity, which has been linked to a known period of aridity and lake level lowering in the 
region, and is present in the DI-conductivity record at the saline lakes SS6 and Braya SØ 
(McGowan et al., 2003, Aebly and Fritz 2009). Another increase in DI-alkalinity occurs at the 
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freshwater lake SS2 at approximately 1000 cal. years BP, and is mirrored by an increase DI-
conductivity at Braya SØ (Figure 1.6). These changes reflect a period of renewed aridity and 
aeolian activity in the region (Willemse 2002), and the input of nutrient and base rich aeolian 
sediments, which increased lake alkalinity and production at this time. Similarly, at coastal 
lake SS49 (Figure 1.6), the long-term oligotrophication trend is reversed at ca. 2000 cal. 
years when Chl a began to increase again (Perren et al., 2012 in press). However, LOI 
continued to decline in the lake at the same time, which makes suggestions as to why this 
trend occurred difficult to suggest, especially in the absence of other proxies and 
sedimentary parameters.  These results reflect that the same regional climate forcing at ca. 
3500 and ca. 2000 -1000 cal. years BP may have influenced all of the lakes in south western 
Greenland, although to different extents depending upon climatic and geographic setting. 
1.8 Aims and objectives 
The body of research on ontogeny from boreal, maritime and temperate lakes highlights 
some important points about ontogeny. The early work on ontogeny suggested that lakes 
under a continental climatic setting (warm and arid) tend towards nutrient enrichment and 
production (Pearsall 1921, Deevey 1942) and lakes under a maritime (cool and wet) climatic 
setting tend towards oligotrophication and declining pH and production (Pennington 1943, 
Round 1961, Engstrom and Fritz 1988, Fritz and Engstrom 1995, Fritz et al., 2004, Norton et 
al., 2011). However, these early studies were unable to disentangle the impact of 
anthropogenic activity and influence on the lake catchments, with natural lake development 
(Pennington 1943, Round 1961, Howarth and Allen 1982, Renberg et al., 1990, Lotter and 
Birks 2003). Similarly, it became apparent that the trends in oligotrophication from lakes in 
the boreal zone were largely the result of changes in the catchment’s vegetation and soils, 
and declining nutrient availability and export of DOC and humic acids to the lake 
(Pennington 1943, Round 1961, Engstrom and Hansen 1984, Engstrom et al., 2000, Fritz et 
al., 2004, Engstrom and Fritz 2006). This evidence raises further questions about long-term 
trends in lake ontogeny.  These studies assumed that climate was the primary driver of lake 
development, and that climate was constant over long-time scales. Furthermore, many of the 
early studies are from regions where known anthropogenic disturbance may have interfered 
with lake development, causing lakes to become either more or less productive.  
 
Evidence from the boreal zones such as GBNP and more recently Sargent Mountain Pond in 
Maine, USA (Norton et al., 2011), indicates that the ontogeny trends of boreal lakes are 
driven by natural processes of catchment development and biochemical coupling between 
the catchment and the lake, rather than direct climate forcing (Engstrom and Hansen 1984, 
Renberg et al., 1990, Engstrom et al., 2000, Fritz et al., 2004, Engstrom and Fritz 2006). 
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These studies suggest that boreal lake ontogeny is largely the result of terrestrial changes in 
the catchment, which is set in motion by glacial retreat and landscape evolution. Conversely, 
ontogeny studies from the High Arctic suggest that climate (temperature) is the main driver 
of lake production, diversity and water chemistry, especially in catchments with limited soil 
and vegetation development (Smol 1983, Douglas and Smol 1999, Wolfe et al., 2000, Wolfe 
2002, Michelutti et al., 2007). However, ontogeny in the low Arctic, where catchments are 
commonly vegetated (unless at very high altitude) has largely been neglected (Anderson et 
al., 2008, McGowan et al., 2008, Perren et al, 2012). There have been only five studies 
which have explored the role of climate and catchment development on freshwater lake 
ontogeny (biologically and chemically) in the low Arctic. Two of these studies demonstrated 
that long-term oligotrophication occurred in freshwater lakes and was the result of the 
establishment of Betula nana in the catchment (Anderson et al., 2008) and climate-mediated 
catchment and lake changes (Heggen et al., 2010). Conversely, Perren et al., (2012) 
suggested that comparative time-transgressive Holocene trends in diatom stratigraphies 
from three lakes were the consequence of climate forcing in the region. Similarly, McGowan 
et al., (2008) identified climate as the most important variable driving autotrophic 
communities in the closed basin oligosaline lakes SS6 and Braya SØ. The freshwater lakes 
of south-western Greenland all undergo oligotrophication. However, the role that climate 
forcing and climate-mediated catchment processes play in ontogeny trajectories of low Arctic 
lakes is largely unknown.  
 
This study has four main research aims: 
1. To explore how lakes develop naturally (biologically and chemically) under different 
climatic regimes in a pristine environment (i.e., in the absence of anthropogenic 
disturbance in the landscape). 
2. To ascertain whether terrestrial vegetation and soil development processes are 
important for lake ontogeny in the low Arctic, as they are in the boreal zone. 
3. To explore how known climatic shifts during the Holocene may have influenced 
changes in lake ontogeny 
4. To contribute to a greater understanding of the palaeolimnology of the coastal lakes 
of south western Greenland. 
 
The following hypotheses will be tested in order to contribute to a more holistic 
understanding of lake development in a low Arctic setting. 
 
1. Trends in biological production and pH will be comparable within and 
between the two inland lakes and within and between the two coastal lakes.  
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2. The lakes in the coastal region will demonstrate decreasing biological 
production and pH throughout the Holocene, whereas, the inland lakes will 
demonstrate increasing biological production and pH throughout the 
Holocene.  
3. Biological and chemical changes within the lakes will be synchronous with 
known climatic episodes in the region, e.g., the HTM, neoglacial and LIA (or 
the last ca.1500 cal. years BP).  
4. In the lakes with vegetated catchments, the onset of oligotrophication will 
coincide with the arrival of Betula nana and neoglacial cooling in the region, 
causing a decline in pH and production at ca. 6500 cal. years BP.  
 
In order to address these aims and research hypotheses, this study will reconstruct the 
Holocene lake development trajectories of four low Arctic lakes to address the role of 
climate on Arctic lake ontogeny, and to explore the reasons why lake ontogeny 
trajectories may differ spatially and temporally between lakes under the same climatic 
regime and catchment geology. Using sedimentary parameters (LOI, flux rates and the 
elements Ca and Ti) the DI-alkalinity and biological production of the lakes will be 
reconstructed using the proxies diatoms and sedimentary pigments, respectively. The 
study area occupies the widest ice-free area in south western Greenland (Figure 1.6), 
stretching from the inland town of Kangerlussuaq to the coastal town of Sisimiut. 
Thousands of pristine lakes, that are unaffected by anthropogenic activity over the 
Holocene, occupy this region. A climatic gradient exists along the study region providing 
a natural test bed for examining lake ontogeny under different climatic settings. Inland, 
near to the ice margin and the town Kangerlussuaq, climate is arid and dry with a 
negative precipitation: evaporation ratio. Conversely, towards the coast climate becomes 
more maritime and wetter and colder, with a positive precipitation: evaporation ratio. 
Using a paired lake approach, using two lakes from the inland continental climatic region 
and two lakes from the coastal maritime region, the outlined hypotheses above will be 
addressed.  
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Chapter 2 : Climatic setting and study sites 
2.1 Introduction  
The study area is located in the widest ice-free area of south western Greenland, which 
stretches 170 km from the ice margin out to the coast. Thousands of lakes occupy this 
region (Anderson et al., 2001), which has a climatic gradient characterized by a more 
maritime coastal area and an arid, continental inland region near to the ice margin (Figure 
2.1).  The two study areas are located at the extremes of the climatic gradient. Lakes SS8 
and SS1381 are located in the inland continental study area, situated approximately 15 km 
west-northwest of Kangerlussuaq, located at the end of SØndre StrØmfjord (Figure 2.1). The 
lakes are glacial scour basins which formed when the ice sheet retreated approximately 
8000 years ago (Van Tatenhove et al., 1996). SS8 and SS1381 are surrounded by lakes 
which have been investigated limnologically and palaeolimnologically (BÖcher 1949, 
Anderson et al., 2001, Ryves et al., 2002, Leng and Anderson 2003, McGowan et al., 2003, 
Anderson et al., 2004). The two coastal lakes, AT1 and AT4, formed after the retreat of the 
last ice sheet approximately 11,000 cal. years BP (van Tatenhove et al., 1996, Bennike et 
al., 2011). The lakes are situated approximately 14 km east of the coastal town Sisimuit, a 
region that has received much less scientific interest relative to the inland lakes (Figure 2.1). 
 
The aim of this chapter is to introduce the geographic and climatic setting of Greenland and 
the study sites in south western Greenland. The characteristic geology, vegetation and soils 
of the study sites will be outlined and the limnology of the lakes in south western Greenland 
discussed. The chapter ends by describing the specific features of the individual study sites. 
2.2 Geographic and climatic setting of Greenland.  
Greenland is located in the North Atlantic (Figure 2.2), which plays an important role in the 
earth’s climate system and in natural climatic variability (Ruddiman and McIntyre 1982, 
Cronin 1999, Ruddiman 2001, Cassou et al., 2004, Deser et al., 2004, Rasmussen et al., 
2007). The North Atlantic is a key area for the creation of highly saline, dense water known 
as North Atlantic Deep Water (NADW), which drives thermohaline circulation. The formation 
of NADW is responsible for the poleward transfer and release of heat (Rasmussen et al., 
2006). Consequently the region is heavily influenced by oceanic and atmospheric changes 
(Cronin 1999, Ruddiman 2001). The input of ice-discharge from the Greenland ice sheet into 
the ocean also modifies the salinity and temperature of the surrounding oceans, which in 
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Figure 2.1 Map showing the regional study area in south western Greenland and the location of the two study sites (marked by the boxes) outside Kangerlussuaq 
and Sisimiut, which are presented below the regional map. The dashed line marks the border between the inland continental area and the coastal maritime area 
based upon the lake water chemistry which reflects the differences in the regional climatic gradient (Anderson et al., 2001). 
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turn can modify local and hemispheric processes,circulation patterns, storm tracks and the 
North Atlantic Oscillation (NAO) (Cassou et al., 2004, Deser et al., 2004, Magnusdottir et al., 
2004, Moros et al., 2006). 
 
Climate in Greenland is heavily influenced by five major currents which dominate ocean 
circulation at 60°N in the Atlantic Ocean (Figure 2.2). The warm North Atlantic Current flows 
north east into the Norwegian Sea and the Arctic Ocean. A branch of this current, known as 
the Irminger current, flows south of Iceland and northward into the Denmark Strait between 
Iceland and east Greenland; this colder water flows southward and is known as the East 
Greenland Current, eventually merging with the Irminger Current to become the West 
Greenland current. The West Greenland Current flows north-westwards into the Davis Strait 
where it joins the southward flowing Labrador Current (Anderson et al., 2004, Moros et al., 
2006). The changing intensity of the North Atlantic thermohaline circulation and the resultant 
north-south shifts of the Polar and Arctic Front (which move to a more southerly location 
during glacial periods), are believed to have been the main factor behind climatic variability 
experienced both regionally and globally during the Holocene (Ruddiman and McIntyre 
1981, Koç et al., 1993, Bjork et al., 1998, Anderson et al., 2004, Rasmussen et al., 2007). In 
western Greenland the NAO has a significant effect on the seasonality of precipitation, 
especially in winter (Chen et al., 1997, Appenzeller et al., 1998, Bromvich et al., 1999, Aebly 
and Fritz 2009). A positive NAO index, caused by a strong Icelandic low coupled with a 
strong Azores High, results in enhanced zonal flow across the North Atlantic which prevents 
moisture-rich westerlies from reaching Greenland. Consequently, a positive phase NAO 
creates cold and dry winters in western Greenland. A negative NAO index reverses the 
pressure gradient and a blocking ridge is set up over the East Atlantic, resulting in increased 
meridional flow and more storms tracking north up to western Greenland. A negative NAO 
therefore facilitates more moisture rich airflow from the southwest, causing more 
precipitation to fall over Greenland (Mosley-Thompson et al., 2005), producing milder and 
wetter winters.  
 
Greenland covers 22 degrees of latitude (60°N to approximately 83°N) with a length along 
44°W meridion of 2400 km (Figure 2.2), and has an ice sheet that covers four fifths of the 
island (Putnins 1970). Given the geographic extent of Greenland, the island is dominated by 
a range of climatic conditions from subarctic in the maritime south to the extreme  
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Figure 2.2 The major ocean currents which influence climate in Greenland; Irminger Current (Irminger C), 
the West Greenland Current (WGC), the East Greenland Current (EGC), the Davis Strait (DS), the Baffin 
Labrador current (B-LC). The present day location of the Polar Front (PF) and the Arctic Front (AF) are 
marked on by the dashed lines. The study area is marked on with the black box. Figure modified from 
Sha et al., (2012). 
 
continental, high arctic conditions of Peary Land and Inglefield Land in the far north and 
north east (Anderson et al., 2004). Continuous permafrost dominates much of the ice-free 
land north of 67°N, and the vegetation is mainly dwarf shrub tundra and fell-fields with 
sparse vegetation development at higher altitudes. Above 80°N vegetation is very poorly 
developed. The south of the continent is milder and more maritime than the east and west 
coasts further north. In south western Greenland, large climatic differences exist between 
the coastal localities and those inland near the ice sheet. The coast is typically more 
maritime with colder and wetter conditions, reflecting the presence of the West Greenland 
Current. Inland the climate is warmer and drier, with elevated rates of evaporation due to the 
proximity of the ice sheet (BÖcher 1949, Hasholt and SØgaard 1978, Anderson et al., 2004). 
 
The ice sheet extends up to 3200 m in altitude in some locations, and has a direct impact on 
regional weather patterns and North Atlantic depression tracks, generally influencing 
atmospheric circulation of the Northern Hemisphere. Shallow low pressure systems from the 
west are often deflected up along the west coast. Sometimes, if a shallow low approaches 
from the south, it can be split into two lower parts, with one moving north-east and the other 
moving north-west, with a higher mass moving up over the ice sheet (Putnins 1970). 
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Meridional air mass exchange can be very intense over Greenland, causing extreme climatic 
instability, and diurnal temperature ranges as much as 30°C on the ice sheet. Given the size 
and the blocking characteristics of the Greenland ice sheet, weather conditions are 
commonly different at the east and west coasts; generally the same weather will only prevail 
if there is an intense anticyclone dominating the whole island. Zonal climate is also affected 
by the height and extent of the ice sheet, often acting as an obstruction to cyclones, by 
blocking them and commonly resulting in depressions. Most low pressure systems are 
forced northwards where they deepen and undergo cyclogenesis, before eventually 
dissipating in the Arctic Ocean. There is a permanent outflow of cold air from the ice sheet 
which causes a strong zonal temperature gradient between the ice sheet and the coast 
(Putnins et al., 1970). The direction of the flow of air from the ice sheet is controlled by the 
pressure and temperature differences between the ice sheet and the ocean, giving the flow 
of air a distinct seasonal and diurnal characteristic. In the summer this forms strong winds 
which generally blow down off the ice sheet as katabatic winds, which then flow through the 
fjords and out to the coasts during the day. However, in the winter the wind flow pattern 
reverses and air flows from the coast to the ice sheet during the night (Cappelen et al., 
2001). 
2.3 Regional study area climate 
Climate in Greenland is complicated by ice-free areas at the coast, which can be as much as 
160 km wide (e.g. the regional study area between Kangerlussuaq and Sisimiut in Figure 
2.1), and are influenced by the interaction of two air masses; the polar air mass of the ice 
cap and the maritime air masses from the ocean. Consequently, large climatic differences 
exist between the coastal localities and those inland near the ice sheet (Putnins et al., 1970, 
Cappelen et al., 2001). The coast is typically more maritime with colder and wetter 
conditions, reflecting the presence of the West Greenland Current. Inland the climate is 
warmer and drier, with elevated rates of evaporation due to the rain shadow effect of the 
local coastal mountains, the proximity of the ice sheet (BÖcher 1949, Hasholt and SØgaard 
1978, Anderson et al., 2004) and a local ice cap called Sukkertoppen (>2000 m high) (Leng 
and Anderson 2003), which blocks weather fronts from the east (see Figure 2.1).  
 
The coastal and inland regions experience contrasting climates. The coastal region is 
dominated by a maritime climate and receives more precipitation compared to the inland 
area (>500mm yr-1) with an average of 30 mm/month falling between March and November 
(See Figure 2.3). Most precipitation falls between July and September and the wettest month 
is August (average 60 mm). The annual temperature range of the coastal area is 21°C (-
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12°C - 7°C) with the warmest month occurring in July (Hasholt and SØgaard 1978). These 
conditions result in a colder and wetter coastal climate with more fog and cloud days than 
the inland region, related to oceanic influences and the orographic uplift of maritime air 
above the steep and high mountains. Conversely, as shown in Figure 2.3, the inland areas 
receive less precipitation (ca.150mm yr-1), approximately half that of the coast. The average 
precipitation is less than 10 mm/month between December and March, with the highest 
quantities falling between May and September and the wettest month is August (average 30 
mm) (Hasholt and SØgaard 1978, Leng and Anderson 2003). The inland lakes experience a 
greater annual temperature range of 29°C (-18 to 0.5°C). Mean annual temperature is -6°C, 
and mean temperature for June through to August (JJA) is 9.4°C. Wind direction is 
predominantly from the east, as katabatic winds are funnelled through the valleys, but strong 
westerly winds also are produced by the onshore movement of storms from the Atlantic 
Ocean (Putnins et al., 1970, Cappellen et al., 2001). These warmer and drier conditions, 
relative to the coastal area, result in very high evaporation rates high (ca. 300 mm yr-1), with 
the highest rates occurring between June and August (Hasholt and SØgaard 1978). The 
Greenland ice sheet also absorbs a large proportion of moisture from the atmosphere 
contributing to the arid inland climate (BÖcher 1949, Anderson et al., 2002, Leng and 
Anderson 2003).  
 
Figure 2.3 The annual climate in Sisimiut and Kangerlussuaq (1997 - 1999). Data from the Danish 
Meteorological Institute and modified from Leng and Anderson (2003). 
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2.4 Geology, vegetation and soils  
The geology of the study region in south west Greenland is a mixture of archaean aged 
rocks, with small quantities of undifferentiated supracrustal rocks and Mafic dykes (Figure 
2.4) (Jensen et al., 2002). The inland lakes are underlain by archaean gneiss, a 
metamorphic coarse-grained rock with bands of chlorite, mica and biotite (Bridgewater et al., 
1976, Bethersen et al., 1993) which formed 3500 Ma ago during the Southern 
Nagssugtoqidian Orogen. The inland area is also punctuated with local geological variations 
such as the Kangâmiut dyke swarm, granitic laccoliths, surficial Quaternary deposits, and 
areas of amphibolites (complex silicates) with marble intrusions. Similarly, the bedrock in the 
coastal lakes region comprises reworked archaean gneiss (or Sisimuit charnockite, Jensen 
et al., 2004) from the early proterozoic with some archaean Isua and akilia supracrustal 
intrusions.  
 
 
Figure 2.4 The geology of south western Greenland. The study areas outside Sisimiut and Kangerlussuaq 
are marked on by the black boxes. Modified from Jensen et al., (2002). 
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The vegetation of the regional study area includes over 200 recorded species. Inland, 
vegetation is dominated by dwarf shrub tundra and heathland, including Betula nana, Salix 
glauca, Ledum palustre, Dryas integrifolia, Vaccinium spp, Empetrum nigrum and Arctic 
herbs, grasses and mosses (BÖcher 1949, Sandgren and Fredskild 1991, Eiser et al., 1995, 
Anderson et al., 2001). Inland, fell-field and herb vegetation is often found on south facing-
slopes where water stress is high (Leng and Anderson 2003, Bennike et al., 2010, Heggen 
et al., 2010). Inland, due to high rates of evaporation, more extensive vegetation 
development is found in streams and lake out-flows (Leng and Anderson 2003).The 
distribution of these vegetation types is dependent upon local topography and the strength of 
aeolian activity (Eisner et al., 1995). At the coast vegetation is characterized by heath 
communities such as Ericaceae and Empetrum spp are more common. The dwarf shrub 
Salix spp (e.g., glauca and herbacea) are more common at the coast due to the maritime 
climate and deeper soils and peats that have developed. Areas of bare or sparsely 
vegetated rock/soil/moraine are more common with increasing altitude (BÖcher 1959, Leng 
and Anderson 2003).   
 
The climatic differences in the study region result in differences in the soils and length of the 
vegetative period. Inland, soils are generally thin (>50 cm), except in wetter areas of low 
relief such as valley floors and outflows, and the carbon content of the soils is 8 ± 7 % (Leng 
and Anderson 2003). Areas without vegetation and exposed rock are common on south-
facing slopes at higher altitude due to thinner soils and high rates of evapotranspiration 
inland (Leng and Anderson 2003). Aeolian processes are important inland with deflation 
from the local sandurs leading to widespread deposition of loess, up to 80 - 100 km from the 
present day ice margin (Willemse et al., 2003).  Inland, the earlier snowmelt leads to a 
longer seasonality and vegetation period (BÖcher 1949). At the coast, soils are much thicker 
(<50 cm) and are assumed to have higher carbon content than the inland lakes (Leng and 
Anderson 2003) possibly related to the wetter climate and higher levels of peat development. 
The prolonged existence of snow cover and snowbanks well into the summer at the coast, 
leads to a short vegetation period. Inland, the earlier snowmelt leads to a longer seasonality 
and vegetation period (BÖcher 1949).  
 
The pattern of permafrost and active layer depth reflect the local climatic differences in the 
two study areas. Permafrost thickness can vary over small distances depending upon the 
interactions between geomorphology, wind pattern, snow cover characteristics and paths of 
snow meltwater, that latter being particularly important (Van Tatenhove and Olesen 1994). 
Permafrost is continuous between Kangerlussuaq and the ice margin with an average active 
layer thickness between 0.15 - 5 m. However, around Kangerlussuaq the average depth of 
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the active layer is 1.7 m with a permafrost thickness estimated to be 127 ± 31 m. The 
permafrost thickness in Sisimiut is estimated to be 33 ± 9 m with an average active layer 
thickness of 2.3 m.  The soils of Sisimiut are relatively warm as a consequence of the 
maritime climate, whereas the continental climate of Kangerlussuaq creates much colder soil 
temperatures (Van Tatenhove and Olesen 1994). 
2.5 The Limnology of south western Greenland’s lakes.  
Thousands of lakes occupy the ice free area of south western Greenland (Anderson and 
Bennike 1997, Anderson et al., 2001) which in the absence of anthropogenic disturbance 
have provided excellent, often high resolution,  palaeolimnological and palaeoclimatological 
archives of the Holocene in the region (McGowan et al., 2003). The oligosaline lakes outside 
Kangerlussuaq have been heavily investigated (Jensen 1884, BÖcher 1949, RØen 1962, 
Hansen 1969, Hansen 1970, Williams 1991). Later research focused on the lakes around 
Kangerlussuaq and towards the ice margin, and aimed to define the limnology and 
palaeolimnology of the lakes (Anderson and Bennike 1997, Willemse and Tornqvist 1999, 
Bennike 2000, Willsemse 2002, McGowan et al., 2003, Anderson et al., 2004, Anderson et 
al., 2008, Anderson and Leng 2004, Anderson et al., 2008, McGowan et al., 2008, Bennike 
et al., 2010). Given the lower quantity and inaccessibility of most of the coastal lakes, far 
less limnological and palaeolimnological research has taken place in this area (Ryves et al., 
2003, Pla and Anderson 2005, Perren et al., 2009). 
 
The lakes between the ice margin and the coast exhibit great limnological diversity, which 
can largely be explained by the climatic gradient that exists along SØndre StrØmfjord (Figure 
2.1). The majority of lakes are oligotrophic and dilute (5 -10 μg TP L-1  <50 µS cm
-1) (RØen 
1962, Brodersen and Anderson 2001, Ryves et al., 2001, Anderson and Stedmon 2007). 
However, some of the inland lakes have elevated conductivities, and there are a number of 
closed basin lakes in the inland region, at the head of the fjord, which are oligosaline. The 
coastal lakes experience positive precipitation: evaporation ratios and lower temperatures, 
resulting in greater rates of hydrological flushing and shorter water retention times. The 
distance from the ice sheet prevents any aeolian input and combined with the climate limits 
the conductivities of the coastal lakes (<50 µScm-1) (Anderson et al. 2001). The geology of 
the region dictates that the oligotrophic lakes are poorly buffered against long-term 
acidification (Anderson et al., 2001, Ryves et al., 2003, Perren et al., 2009). Conversely, the 
lakes with elevated conductivities have limited surface inflows and the main input to these 
lakes is runoff through the active layer in late May and June, with negligible input in late July 
and August, and continuous permafrost restricts groundwater seepage. The arid, continental 
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climate of the inland area results in evaporation commonly exceeding precipitation in the 
summer, leading to evaporative enrichment, salt concentration (NaHCO3 and Mg HCO/CO3  
dominated) and elevated conductivities (2000 - 4000 µS cm
-1 ) in many of the lakes. The 
source of such high quantities of Na is derived from weathering and the deposition of loess 
from the outwash plains at ice sheet margin (Anderson et al., 2001, Willemse 2002).  The 
westerly limit of lakes with above average conductivity is reflected in the climatic boundary in 
precipitation and evaporation between Kangerlussuaq and Sisimiut (Hasholt and SØgaard 
1978) and is shown in Figure 2.1. However, conductivity can be modified by altitude and 
geology which can reduce weathering rates and the input of minerals and nutrients 
(Anderson et al., 2001).  
 
Evaporative enrichment also results in elevated DOC at the inland lakes, where some of the 
closed lakes typically have maximum DOC concentrations up to approximately 80 mg C L-1, 
and some meromictic oligosaline lakes demonstrate values as high as 200 mg C L-1. Lakes 
closer to the ice margin and the coast have lower concentrations of DOC (typically 2 - 20 mg 
C L-1), thought to be to be related to greater flushing rates and allochthonous input from the 
catchments (Anderson and Stedmon 2007). However, site specific factors such as the 
presence of an outflow and catchment morphology caused variability in the coastal lake 
DOC concentrations (20-100 mg C L-1) (Anderson and Stedmon 2007).  
 
In south west Greenland the inland lakes are ice-free for approximately 3.5-4 months of the 
year, although this can be as little as 2 months in the coastal areas due to the cooler coastal 
climate (Anderson et al., 1999, Anderson et al., 2001). Consequently, the inland lakes are 
ice-free earlier in the summer months, than the coastal lakes, where it is not uncommon to 
see snow patches until July or August (Anderson and Brodersen 2001, Antonia Liversidge, 
personal observation). This difference in ice cover duration is due to the climatic gradient 
between the ice margin and the coast, where the coastal lakes experience cooler summers 
and fog banks that reduce radiative input (Hasholt and SØgaard 1976).   
 
In south west Greenland three different types of mixing regimes were identified in a study of 
31 lakes by Anderson and Brodersen (2001). They found that dimictic mixing regimes were 
the most common and were generally associated with dilute lakes with low conductivities 
(average conductivity 90 µScm-1), where the water circulates freely all the way to the bottom 
twice a year (spring and autumn). The dimictic lakes are strongly stratified in the summer 
(mid June to mid August) because of warming and deepening of the thermocline, after which 
regional cooling results water column mixing (Anderson and Brodersen 2001). Some of the 
colder higher altitude lakes can take all summer to reach their maximum temperature and 
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only develop weak stratification; overturning once at the end of the summer and the 
beginning of the spring (dimictic). Whilst the spring overturn date for the dimictic lakes 
varied, the autumn overturn date for all lakes generally occurred on the same day each year, 
when temperatures fall and wind levels increase (Anderson and Brodersen 2000). The lakes 
with high conductivities in the region (e.g. the inland closed basin lakes) experience strong 
stratification due to the steep salinity gradient (chemocline), where lighter fresher water 
overlays denser more saline water, and never overturn (meromictic). As a result of the 
strong stratification in meromictic lakes the bottom waters are commonly anoxic (Anderson 
et al., 1999, Anderson and Brodersen 2000).  
 
The hydrological budgets of the lakes in south western Greenland are controlled by the 
extent of snow cover and differences in the regional climate. Inland, the rapid sublimation of 
the snow at the beginning of the spring (April/May) may result in minimal input to the lakes 
(Hasholt and Anderson, unpublished data). Hydrological run off is absent inland during the 
summer months because of the high rates of evaporation and the low levels of precipitation. 
However, at the coast, where temperatures are cooler, the runoff generated from snow cover 
can be large. Furthermore, during the summer, rainfall events are more common than inland, 
and because of the cooler temperatures, generate more runoff.  
2.6 The physical characteristics and geomorphology of study sites 
2.6.1 The inland lakes 
The inland study area around Kangerlussuaq is a low-lying (Figure 2.6), gently undulating 
landscape dominated by hundreds of lakes and low-lying smooth hills (>500m.a.s.l). These 
inland lakes formed as glacial scour basins when the ice margin last retreated approximately 
8000 cal. years BP (Van Tatantove et al., 1991).  Large moraine systems can be traced 
across the landscape and closer to the ice margin large sandur plains (fluvio - glacial 
outwash) dominate the valley floors. Ground till and glacial erratics are present in some 
areas and there are many palaeohydrological features in the area including fossil shorelines, 
as shown in Figure 2.5.  
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Table 2.1 The location and morphometry of the four study lakes. 
 
Lake Location 
(latitude, 
longitude) 
Altitude 
(m.a.s.l) 
  
Catchment 
area (ha) 
Lake area 
(ha) 
Lake 
depth (m) 
Catchment 
area to 
lake ratio 
SS1381 67°00.855N, 
51°07.172W 
196 m 75 20 18 3.75 
SS8 67°00.666N, 
51°04.441W 
188 m 200 15 10.4 13.3 
AT1 66°58.051N, 
53°24.095W 
475 m 150 11 16.5 13.63 
AT4 66°57.899N, 
53°29.928W 
160 m 70 9 17 7.7 
 
 
 
SS8 (Figure 2.6) (67°00.666N, 51°04.441W) situated at 196 m altitude is fed intermittently 
by a small pond which maintains a regular inflow into the lake; another channel also drains 
into the lake from the higher area to the north east of the catchment. SS8 drains into a lower  
neighbouring lake. The presence of palaeoshorelines (Figure 2.6) at a consistent altitude of 
approximately 200 m around the lake are indicative of a pluvial periods linked to higher lake 
levels in the past (Aebly and Fritz 2009). Vegetation at SS8 is dominated by the dwarf 
shrubs, Betula nana, Salix glauca, Ledum palustre, Dryas integrifolia, Vaccinium spp, 
Empetrum nigrum and Arctic herbs, grasses and mosses. SS8 has the largest catchment 
area of the four study sites (Table 2.1) of 200 ha and its small lake size (15 ha) results in a 
high catchment area to lake ratio (13.3). SS1381 (67°00.855N, 51°07.172W) situated at an 
altitude of 188 m is fed by three inflow channels.  The outflow drains to the north east 
through a breached moraine and a large bedrock channel. The catchment vegetation is 
similar to SS8 with the dwarf shrubs, Betula nana, Salix glauca, Ledum palustre, Dryas 
integrifolia, Vaccinium sp, Empetrum nigrum and Arctic herbs, grasses and mosses. SS1381 
has a much smaller catchment area relative to SS8 of 75 ha and large size relative to the 
catchment area at SS181 and consequently has a much lower catchment area to drainage 
basin ratio (3.75). 
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Figure 2.5 The fossil shorelines at Braya Sø, created when lake levels were higher in the late Holocene, marked by the hashed line. 
 
Figure 2.6 Lake SS8 illustrating the low lying and smooth nature of the landscape around the inland lakes and the presence of bevelled moraines marked with the 
arrow. 
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2.6.2 The coastal lakes  
Sisimiut and the surrounding coastal area is dominated by high mountains (peaks > 1200 m 
a.s.l) and large valleys occupied by extensive river systems (Figure 2.7D) draining to the sea 
(Hasholt and SØgaard 1973). Large alluvial fans are a common feature on many of the valley 
sides (Figure 2.7A), as are relict alluvial terraces reflecting abandoned river channels (Figure 
2.7B and Figure 2.7D) of a much larger scale than those present today. Lateral moraines 
and glacial erratics can be seen in some of the valley bottoms and large striations are 
present on some rock outcrops. On higher ground freeze-thaw weathering processes 
dominate the landscape creating scree slopes (Figure 2.7F), solifluction terraces, gelifluction 
lobes (Figure 2.7E), blocky pebble frost shattered pavements with a matrix of fine sands and 
silts, and protalus ramparts where seasonal snowbanks exist well into the summer months in 
sheltered locations (Antonia Liversidge, personal observations August 2008 and 2009).  
 
The two coastal lakes (AT1 and AT4) are located in a mountainous and maritime area, 
approximately 12 km and 8 km respectively, south east of the town Sisimiut (Figure 2.1). 
AT1 (66°58.051N, 53°24.095W) at an altitude of ca. 475 m is characteristically different to 
the other study lakes in catchment geology, vegetation and the extent of weathering present. 
The catchment is dominated by heavily weathered bedrock and erratics transported and 
deposited by the former ice sheet. Vegetation is very sparse in the catchment (Figure 2.8a) 
with the exception of infilling bog vegetation, i.e., sedges and mosses, and lichens which 
have colonised exposed rock surfaces up to a level in the catchment, and Salix herbacea 
dominated snowpack communities. AT1 (Figure 2.8a) has a large catchment area (150 ha) 
and is small lake (11 ha) and therefore has a relatively large catchment area to lake ratio 
(13.63). AT4 (66°57.899N, 53°29.928W) at an altitude of 200 m is situated in a former glacial 
cirque with high, steep, north-east facing backwalls, dammed by a bedrock lip and drained 
by an outflow that has breached the moraine, into a lower-level lake. Ice moulded bed rock 
with north easterly striations are present in the catchment, and large erratics scatter the 
landscape. The lower parts of the catchment are well vegetated with extensive heathland 
communities (e.g., Ericaceae, Empetrum) mosses and grasses, and the dwarf shrubs Betula 
nana and Salix glauca. AT4 (Figure 2.8b) has a catchment area approximately half the size 
of AT1 (70 ha) and a lake area of 9 ha, resulting in a low catchment area to lake ratio (7.7).  
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Figure 2.7 Showing the physical and geomorphological characteristics of the coastal lakes AT1 and AT4 described in section 2.7.2. Demonstrating features 
characteristic of the coastal region; alluvial fans (A), river terraces (B), snow banks in sheltered (NE facing) locations (C), abandoned river channels (D), 
solifluction and gelifluction lobes (E), and scree slopes (F). Photographs taken in August 2009 by A.C.Liversidge.
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2.8a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.8b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2.1a and b showing the weathered nature and lack of vegetation at AT1 and AT4 
respectively. Photographs taken by A.C.Liversidge in August 2009. 
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2.7 The chemical and physical characteristics of the study lakes 
The two coastal lakes are dilute (<50 μS cm-1) and the inland lakes demonstrate elevated 
conductivities (Table 2.2), which has been observed in other freshwater lakes in the inland 
region (e.g., Anderson et al., 2008). However, whilst AT1 may demonstrate the lowest 
conductivity of the four lakes, it exhibits higher quantities of most major ions than AT4. This 
reflects the fact that the catchment is devoid of vegetation and soil cover leading to elevated 
rates of chemical weathering. Both of the coastal study lakes are weakly acidic and the 
inland lakes demonstrate slightly higher pH than the coastal lakes and are weakly alkaline 
(Table 2.2). Both AT1 and AT4 have a low alkalinities and therefore low acid neutralizing 
capacity (ANC). Conversely, the inland lakes, and especially SS1381, demonstrate slightly 
elevated alkalinities and high ANCs. The higher pH and conductivities of the inlands lakes, 
compared to the coastal lakes, probably reflects the dominance of evaporative concentration 
of the major ions at the inland lakes and dilution and loss of nutrients and ions by 
hydrological flushing at the coastal lakes (McGowan et al., 2003, Anderson and Stedmon 
2007). All four lakes can be classed as oligotophic (TP<10 µg L-1).The levels of DOC 
measured in the lakes reflect climatic differences between the two study areas and the 
influence of evaporative enrichment on the inland lakes, which elevates the DOC in these 
lakes (Table 2.2). Silicate (SiO3) values are higher at the two coastal lakes compared to the 
inland lakes; this could be a function of increased weathering of the coastal catchments due 
to the wetter more maritime climate. The amount of sulfate varies substantially between the 
lakes, although the presence of nitrogen oxides is broadly comparable between the lakes.  
 
SS1381 is a deep lake (18 m) and stratifies strongly in the summer with an anoxic 
hypolimnion. Similarly, SS8 stratifies weakly, despite being a shallower lake (ca.10 m) and 
the bottom waters are only anoxic during the winter under ice. Conversely, AT1 and AT4 
both stratify during the summer but with minimal hypolimnetic oxygen depletion. All four 
lakes are dimictic and mix at the end of the summer and at the beginning of spring. 
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Table 2.2 The pH, alkalinity, Chl a, DOC, major nutrients, ionic composition, and nitrogen oxides of the 
four study sites all taken from seasonal averages from each lake between 1996- 2010. Dashes denote 
missing data. 
 
 
 
 
Water chemistry  AT1 AT4 SS8 SS1381 
pH 7.02 7.49 8.14 8.75 
Conductivity (μS cm-1) 30.43 44.35 362.40 605.03 
Alkalinity (HCO3- + CO3
2-) (μeq L-1) 200.00 600.00 2752.75 11300.00 
Chlorophyll a (µg L-1) 0.51 -  1.38 0.79 
DOC (mg L-1) 1.24 1.86 8.30 32.35 
NH4-N (µg L-1) 2.64 -  -  -  
TN (µg L-1) 222.00 261.00 1020.00 430.00 
TP (µg L-1) 17.00 3.00 12.00 4.61 
SiO3 (ppm) 1.02  0.99 0.58 0.45 
Na (μeq L-1) 10.50 2.00 23.48 38.45 
K (μeq L-1) 140.41 6.26 309.20 535.62 
Mg (μeq L-1) 607.92 221.58 1339.20 1757.42 
Ca (μeq L-1) 585.85 410.65 1656.13 1614.15 
Cl (μeq L-1) 29.01 101.63 896.65 1741.24 
NOx (µg L-1) 288.00 282.00 271.00 289.00 
SO4 (μeq L
-1) 1545.00 5620.00 16.00 2033.00 
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Chapter 3 : Materials and Methods I 
 
3.1 Introduction 
This chapter describes the methodological approaches used to collate, process and analyse 
the data for this thesis. With the exception of the initial core extrusion, loss-on-ignition of the 
long cores (LOI), and the X-Ray Fluorescence analysis of cores from AT1 and SS1381, all of 
the data were collected and processed by the author. The chapter is divided into five parts; 
sediment cores, core stratigraphy, dating and chronology; analysis of the physical 
parameters; analysis of the biological proxies; statistical analysis and a final section 
providing some background to the palaeolimnoloical proxies used in the study.  
3.2 Sediment cores, core stratigraphy, dating and chronology 
3.2.1 Sediment cores 
Long cores were taken from the four lakes during April 2006 using a 1-m long Russian corer 
at the coastal lakes and a piston corer at the inland lakes, which retrieved a full sediment 
sequence. Cores were taken from the deepest part of the lakes, identified with an echo 
sounder, and the location recorded with a GPS. Cores were taken until bedrock was reached 
and required between 1 - 4 drives to obtain a full sediment sequence.  The cores were 
immediately labelled and wrapped in clingfilm in the field to prevent drying out and 
unconsolidation of the sediment. The cores were also wrapped in dark plastic to prevent 
pigment degradation. At the School of Geography, Nottingham University, the long cores 
were cut in half; one half for XRF analysis and the other half was sub-sampled for diatom, 
pigment, and loss on ignition (LOI) at 1 cm resolution. Kajak cores (surface sediment cores) 
were taken at all lakes, using a HON-kajak gravity corer (9 cm diameter; Renberg 1991), to 
obtain complete lake sediment sequences. The Kajak cores were extruded in the field on a 
screw-thread extruding rig at 0.25 cm, 0.5 cm or 1cm, depending on the lake. The samples 
were then bagged, labelled and refrigerated (4°C) until required for further analysis.  
3.2.2 Core stratigraphy 
The four lake sediment sequences are comprised of one or more successive, overlapping 
Piston and Russian core drives. The laminated nature of the lake sediments meant that is 
was possible to correlate visual similarities between the two overlapping sections of the 
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cores. In the field, detailed notes were taken describing the colour, width, and lithological 
characteristics of key sections of the cores. Coloured map pins were used to “fix” the 
locations of the overlapping similarities. The dry mass/water content (%), organic content 
(%) and carbonate content (%) data was then used to ensure that the different core sections 
were well matched by  “wiggle matching” (Dearing, 1986) to produce an accurate depth 
profile for the long core sequences.  
3.2.3 Accelerator Mass Spectrometry (AMS) 14C dating 
The four long core sequences were dated using a combination of bulk and macrofossils 
samples with AMS 14C dating. Macrofossils (wood and leaves) were removed from the cores 
when they were present during the core description procedure and then chosen for AMS 
dating dependent upon the location in the core. Freeze dried sediment from the chosen core 
levels were submitted for AMS 14C dating. The weight submitted depended upon the carbon 
content of the samples, determined in the LOI (%) process, a minimum of 1mg carbon is 
required for the procedure.  
 
A total of 26 AMS 14C dates were used to constrain the chronologies of the four cores; seven 
bulk (gyttja) dates on both the AT1 and AT4 cores (both paired with a macrofossil at one 
level), seven on the SS8 core (paired with a macrofossil at one level) and five on the 
SS1381 core. The samples were prepared for radiocarbon dating by the NERC Radiocarbon 
Laboratory (RCL) and analysed by the SUERC AMS radiocarbon laboratory in East Kilbride 
(supervised by Dr Charlotte Bryant). The radiocarbon dating was carried out as a result of 
two NERC-RCL awards to Dr. S. McGowan 1242.1007 and Prof. N.J. Anderson 1403.0409.  
 
The samples submitted for radiocarbon dating were all subject to an acid-alkali-acid (AAA) 
pre-treatment before analysis. However, this method varied slightly between the bulk and 
macrofossil samples (wood and leaves). Bulk sediment and wood sample samples were 
digested in 1M HCl (80°C, 8 hours), washed free from mineral acid with deionised water 
then digested in 0.5M KOH (80°C, 2 hours). The digestion was repeated using deionised 
water until no further humics were extracted. The residue was rinsed free of alkali, digested 
in 1M HCl (80°C, 2 hours) then rinsed free of acid, dried and homogenised. Leaf sample 
material was limited, so a less vigorous pre-treatment was applied. The sample was soaked 
overnight in 0.5M HCl (room temperature), washed free from mineral acid with deionised 
water then dried and homogenised. The total carbon in a known weight of the pre-treated 
sample was recovered as CO2 by heating with CuO in a sealed quartz tube. The gas was 
converted to graphite by Fe/Zn reduction (C.Bryant, pers. Comm.). The results were 
76 
 
reported as conventional radiocarbon years before present (BP, relative to AD 1950). 
Calibrated ages were derived from 14C dates using the CALIB 5.0 program (Stuvier et al., 
1998).  
3.2.4 Chronology: Age-depth models  
Based upon the core correlations and the calibration of AMS radiocarbon dates, age-depth 
models were produced (by Jesper Olsen of Queens University, Belfast) using depositional 
models in OxCal 4.1 (Ramsey 2008, Ramsey 2009) and applying the IntCal09 calibration 
curve (Reimer et al., 2009). The age depth models for AT1, AT4, SS8 and SS1381 are 
based on 26 14C dated macrofossil plants and bulk (gyttja) samples. In total 21 bulk samples 
have been AMS 14C dated and the remaining five samples are dated terrestrial plant 
macrofossils. The model parameter k has been estimated to 100 yielding a model 
agreement index A above 71% for the lakes AT1, AT4 and SS1381. For lake SS8 a model 
parameter k of 50 has been used yielding a model agreement index A of 60%. The top of the 
cores are set to the year they were cored and hence the top of core AT1 and AT4 is set to 
2006±1 AD, and SS8 and SS1381 to 2008±1 AD. The age-depth models, combined with the 
bulk sediment weights, formed the basis for creating the sediment flux rates (Dry Mass 
Accumulation Rate, Organic Mass Accumulation Rate, and Minerogenic Accumulation Rate).  
 
Dating bulk material can be problematical because the organic matter contained in bulk 
sediments may be derived from carbon sources not in equilibrium with the contemporaneous 
atmosphere (Abbott et al., 1996, Grimm et al., 2009). In particular organic assimilation of 
carbonate from limestone dissolution may yield ages too old (Dye 1994, Boaretto et al., 
1998). Therefore, the five terrestrial plant macrofossils are paired with bulk 14C dates to test 
for possible reservoir offset of bulk organic matter. The bulk 14C offsets are calculated for 
AT1 to 477±77 14C yrs, AT4 to 468±52 14C yrs and for lake SS8 two paired samples yielded 
bulk offsets of 116±60 and 344±54 14C yrs. The calculated lake specific bulk radiocarbon 
offsets are then used to correct the remaining bulk dates of each core respectively. No 
terrestrial macrofossils were obtained from lake SS1381 and therefore the bulk dates of this 
lake have not been corrected. However, confidence in the age model is provided by the 
good agreement of the radiocarbon bulk date at 9 cm with the top of core (2008 AD). 
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3.3 Sample analysis; physical parameters 
3.3.1 Core descriptions 
Lithological characteristics, colour changes and the presence of macrofossils were recorded 
along the length of the cores immediately upon collection, to identify stratigraphic units 
before oxidation began. More detailed descriptions were carried out upon return of the cores 
to the UK, including key changes in the stratigraphy (presence of laminations and width of 
sedimentary features), colour changes which were classified with a Munsell colour chart, and 
the presence and nature of any macrofossils which were removed and stored for possible 
AMS radiocarbon dating.  
 
The cores from all four lakes had very distinct laminations and in the coastal lakes a defined 
clay band was found at the base of the cores. These features were used to cross correlate 
the overlapping sections, which were later confirmed by the trends in the LOI analysis 
presented in the results chapters. 
3.3.2 Organic, minerogenic, and carbonate content and sedimentary 
parameters 
Loss-on-ignition (LOI) was used to determine the organic, minerogenic and carbonate 
content of the four sediment cores.  Samples, weighing between approximately 1 and 2 g, 
and 1 cm3 were taken from each sampling interval of the kajak and long cores, respectively.  
The samples were then placed in a furnace overnight at 105°C and reweighed to calculate 
the water content, and then put back in a furnace for a further two hours at 550°C before 
reweighing to establish the LOI values (%), as a proxy for organic content.  The remaining 
ash was used to determine the carbonate content of the samples by heating at 925°C in a 
furnace for 4 hours, and then weighing the residual sediment.  LOI (%) provides an 
approximate measure of the organic content of sediment samples (Dean 1974). However, 
whilst the amount of carbon dioxide lost from the sediment is a simple method to determine 
organic content, there are some limitations of this approach.  Often the amount of carbon 
and carbonate can be over estimated by other components, such as interstitial water release 
from clays (Snowball and Sandgren, 1996, Leong and Tanner, 1999). This error must be 
considered when interpreting results from this technique (Heiri et al., 2001).  
 
The organic, carbonate and minergenic content data was used with the age-depth model to 
determine accumulation rates for the lakes including, dry mass accumulation rates (DMAR), 
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organic mass accumulation rate (OMAR), and minerogenic accumulation rate (MAR). For 
example, the bulk density was divided by the deposition time to determine DMAR which was 
corrected by the inorganic fraction to determine the MAR.  
3.3.3 X- Ray Fluorescence data (Geochemistry) 
Continuous down-core X - Ray Fluorescence (XRF) was performed on all four long core 
sequences (not including the kajaks) at Aberystwyth University, Department of Geosciences 
using the ®Itrax XRF scanner. Cores AT1 and SS1381 were scanned by M. Jones and S. 
McGowan in 2006, and AT1 and SS8 were scanned by A. Liversidge in 2011. Prior to 
analysis the surface of the core was carefully flattened and covered with thin (4µm) 
Ultrathene. The tube voltage was operated between 60 - 350 kV for the different cores, and 
at 50 mA with an exposure time of 200 ms, to obtain the abundances of all elements from Al 
- U, every 0.2 mm. The data were smoothed over 50 points to derive an average resolution 
of 1 cm. The XRF results for each element are expressed as peak area, characteristic of the 
emission energies for each individual element. Presenting XRF data as peak area also 
removes any background noise detected during the analysis.   
3.4 Sample analysis; biological proxies 
3.4.1 Sedimentary pigment preparation and analysis 
Sedimentary pigment analysis was undertaken in the High Performance Liquid 
Chromatography (HPLC) Laboratory at the University of Nottingham. All four cores were 
analysed at 1 cm resolution.  Approximately 0.2 g of freeze-dried sediment was placed into a 
labelled vial and 5 ml of extraction solvent (80% acetone, 15% methanol and 5% deionised 
water) was added and placed upright in a freezer for 12 hours. The extraction solution and 
pigments were then decanted into a 50 ml beaker and the vial rinsed out with HPLC grade 
acetone to ensure all the pigments were extracted from the sediments.  Using a syringe with 
a 0.22 µm lock on filter  to remove any remaining sediments, the pigment solution was 
drawn up from the beaker and rinsed with HPLC grade acetone to ensure all the pigment 
solution had been extracted. The beaker, syringe and filter were washed between each 
sample with HPLC grade acetone. The preparation and extraction took place under subdued 
lighting to avoid degradation of the pigments. Once extracted, the samples were dried under 
a gentle stream of nitrogen to evaporate the extraction solvent, leaving only the pigment 
residue in the vials.  
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Dried pigment samples were dissolved in an appropriate amount of injection solution (a 
70:20:5 mixture of acetone, ion pairing reagent and methanol). Samples were injected into 
an Agilent 1200 Series separation module with Quaternary pump HPLC machine. Each run 
lasted approximately 52 minutes including several separation phases using one of two 
methods modified from Chen et al., (2001) and Mantoura and Llewellyn (1983). Details of 
the two methods including separation phases are outlined in Appendix 1, Table 1.2 and 1.3. 
The Mantoura method was used to process the AT1 and AT4 pigments and the Chen 
method was used to process the SS1381 and SS8 pigments. The eluted pigments were 
measured by passing through a photo-diode array detector which detects UV-visible spectra 
every 2 seconds. Pigment concentrations were calculated by calibration against commercial 
standards and identified based upon their absorbance spectra and retention time compared 
with the published literature (e.g. Jeffrey et al., 1997). Sedimentary pigment concentrations 
corrected using LOI and are expressed as nmol g organic matter.  
 
 UVR index was calculated as the concentration of UV protective pigments divided by the 
sum concentration of the carotenoids alloxanthin, diatoxanthin and lutein-zeaxanthin. The 
proportion of UVR is linearly correlated with the maximum depth of penetration of damaging 
UV-B radiation. Values near to 100% indicate highly transparent alpine and Arctic lakes, 
15% reflects low levels of DOC, and 0% optically deep lakes or high levels of DOC (Leavitt 
et al., 1997). 
3.4.2 Diatom preparation and analysis 
Sediments subsampled from the long cores were prepared for diatom analysis using a 
method outlined by Battarbee (1986). Given the large number of samples, the method was 
modified to that of Renberg (1990). Approximately 0.1g of weighed wet sediment per sample 
was used for the analysis; unless freeze dried material was available, when 0.01g of 
sediment was used. Following this, 5ml of 30% H202 was added to all of the samples, which 
were placed in a waterbath and heated at 90° C for 4 hours. 10ml of 10% HCL was also 
added to each sample to remove the carbonates. The samples were then drained and 
washed with distilled water and allowed to settle overnight.  The washing procedure was 
repeated 4 times. A few drops of dilute ammonia solution were added at the final wash to 
keep clays in suspension and prevent clumping of diatoms when plated up.  
 
Following the washing, typically 1-2 ml of a known concentration of microsphere solution 
was added to the samples using a pipette. A known amount of microspheres were added to 
all diatom slides with the exception of lake AT1, which was archived from a previous study, 
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in order to calculate the diatom concentration (Battarbee and Kneen, 1982). For the AT1 
core new slides were made at 10 cm intervals which incorporated microsperes and were 
counted to obtain the diatom concentration. The stock diatom solution was then subampled 
using a pipette into a labelled test tube and diluted with distilled water. Some of the diluted 
diatom sample was then placed on coverslips and allowed to dry for approximately 48 hours. 
The coverslips were then mounted in Naphrax (refractive index of 1.73) and at least 300 
diatoms were counted per coverslip in parallel transects under oil-immersion phase contrast 
light microscopy (LM) at a 1000x magnification on a Leica DMRE research microscope. A 
variety of general (Krammer and Lange-Bertalot, 1986-1991) and regional floras (Foged, 
1953, 1955, 1958, 1972, 1977) were used to identify the diatoms to species level where 
possible. Detailed notes and photographs (recording information such as striae density, 
dimensions and morphological features) were used to ensure taxonomic consistency when 
identifying similar species (e.g., Cyclotella spp.).  Given the morphological similarities of the 
species Cyclotella rossii, Cyclotella ocellata, and Cyclotella comensis, the three species 
were counted as one and called the Cyclotella comensis rossii ocellata complex. Similarly, 
Cyclotella stelligera and Cyclotella pseudostelligera were grouped as the Cyclotella stelligera 
complex (see Appendix 2). 
 
The dissolution of diatom valves was assessed by using a two-scale system (pristine and 
dissolved cf. Ryves et al., 2001). Producing a ratio from 0 (all valves partly dissolved) to 1 
(perfect preservation). Examples of pristine and dissolved valves are presented in Appendix 
3 alongside the criteria used to define a valve as pristine or dissolved. 
3.5. Statistical analyses 
Statistically significant zones in the diatom, pigment, physical parameters, and XRF data 
were determined by optimal splitting using the programme Psimpoll 4.27 (Bennett, 2003 - 
2009). This method for establishing the zones was chosen over the programme CONISS 
due to its ability to verify the statistical significance of each zone using the broken stick 
method (Bennett 1996). All of the zones were named based upon the lake name (AT1, AT4, 
SS8, SS1381), the proxy diatoms = D, pigments = P, XRF = XRF, sedimentary parameters = 
S) and the zone name based upon order of the zone (e.g., A, B, C etc.).  
 
Exploratory data analysis was undertaken on the diatom and pigment data from the four 
lakes to explore the gradient lengths and species/pigment turnover in the sediment cores 
using the programme Canoco ver. 4.56 (ter Braak and Ŝmilauer 1997 - 2009). In order to 
extract the overall trends in the diatoms Correspondence Analysis (CA) was initially carried 
out. Where an arch was present in the CA, Detrended Correspondence Analysis (DCA) was 
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run with down weighting of rare species. Where DCA revealed a gradient length between 1.5 
and 2 s.d units, both a DCA and Principle Component Analysis (PCA) were run to explore 
the diatom species data. PCA was carried out on the pigments due to shorter gradient 
lengths, i.e., less than 1.5 s.d units (ter Braak and Ŝmilauer 1998). To examine how the 
fossil diatom communities in the four lakes had changed in relation to environmental 
variables, down core fossil data were plotted passively onto CCA of the training set lakes 
and three most significant environmental variables. The correlations in the overall trends in 
the pigment and diatom data with the other proxies and parameters were compared using 
Pearson’s correlation in the programme SPSS.   
3.6 Palaeolimnological proxies  
Palaeolimnology provides a means of investigating and reconstructing past biological 
communities, chemical and physical characteristics and climatic changes (indirectly and 
directly) from lake records (Stoermer and Smol 1999, Battarbee et al., 2001). In the Arctic, 
palaeolimnology has provided an insight into how Arctic ecosystems have and are rapidly 
changing to past and present climate changes (Douglas et al., 1994a, Overpeck 1997, 
Hamilton et al., 2000, Wolfe 2003, Smol et al., 2005). 
3.6.1 Diatoms  
The most commonly used proxy for past limnological and climatic reconstructions in the 
Arctic are diatoms. Diatoms are microscopic unicellular algae that are characterised by a 
siliceous cell wall. They inhabit virtually every aquatic environment where there is sufficient 
light for photosynthesis. Diatoms demonstrate habitat preferences and are sensitive to 
changes in water temperature, pH, salinity, nutrients and light availability and lake depths 
(Stoermer and Smol 1999, Battarbee et al., 2001). Consequently, diatoms are very sensitive 
indicators of environmental change, they preserve well in sediments due to their siliceous 
frustules, are identifiable to species levels and are distributed globally (Battarbee, 1986, 
Battarbee et al., 2001).Given their sensitivity to environmental parameters, and knowledge of 
their habitat and water chemistry preferences (Patrick and Reimer 1966, Werner 1977, 
Round et al., 1990), diatoms have been used qualitatively to reconstruct ice cover, to infer 
temperature indirectly, and to infer past hydrological conditions in Arctic peatlands (Foster 
and Fritz 1987, Svensson 1988, Korhola 1990, Korhola 1992, Korhola  1995, Gilbert et al., 
1997), flood events (Hay et al., 1997, Lesack et al., 1998) and past river discharge (Douglas 
et al., 1996, Ludlam et al., 1996, Antoniades and Douglas 2002). 
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Through the development of transfer functions (Charles and Smol 1994) and weighted 
averaging techniques (ter Braak & Prentice 1988, ter Braak & van Dam 1989), Arctic diatom 
assemblages have been used to quantitatively reconstruct temperature (Pienitz et al., 1995, 
Joynt and Wolfe 2001), pH (Wolfe 2002, Wolfe 2003), DOC and treeline changes (Bryson 
1966, Larsen 1989, Finney et al., 2004, Pienitz et al., 2004), and conductivity (Pientiz et al., 
2000, McGowan et al., 2003) of Arctic lakes. However, interpreting ecological change in 
lakes in terms of one environmental variable can be problematic and all environmental 
reconstructions using inference models must be viewed with caution. It is not ecologically 
sound to assume that organisms are responding, linearly, to just one environmental variable, 
and it is normal for important variables, such as temperate, to demonstrate a high degree of 
correlation with other variables. For example, pH is unlikely to act independently of the 
variables temperature, DOC and nutrients (Engstrom et al., 2000). This study will use WA 
regression and calibration techniques to reconstruct Holocene DI-alkalinity from four lakes in 
south-western Greenland. pH or alkalinity inference models have performed well in the Arctic 
(Korsman and Birks 1996, Bigler and Hall 2000, Wolfe 2002, Wolfe 2003, Fritz et al., 2004, 
Jones and Birks 2004,) and have been developed from lakes in south western Greenland 
(Ryves et al., 2002, Perren et al., 2009). A combined training set from Ryves et al., (2002) 
and Perren et al., (2009) is used in to reconstruct DI-alkalinity in this thesis (chapter 4).  
3.6.2 Sedimentary pigments 
Pigments are present in all photosynthetic organisms (e.g. algae, phototrophic bacteria, 
aquatic plants, and terrestrial plants) and function primarily as a light capturing agent for 
photosynthesis (e.g. chlorophylls, carotenoids and their derivatives) and photo-protection 
(UV-screening pigments) (Carpenter et al., 1988, Leavitt and Carpenter 1989). With 
improvements in the methods used to extract, isolate, identify (Liaan-Jensen 1971, Davies 
1976, Goodwin 1980, Leavitt 1993, Britton et al., 1995a, Britton et al., 1995b, Cuddington 
and Leavitt 1999) and quantify pigments, pigments and their derivatives can be isolated and 
identified from sedimentary aquatic environments long after the decay of the organisms. The 
development of the high-performance liquid chromatography (HPLC) and online photodiode 
array (PDA) has provided a rapid and accurate method for analysing and quantifying 
pigments (Leavitt and Hodgson 2001, McGowan 2007). 
 
Sedimentary pigments can be used to address a range of research questions. To date, they 
have been used to reconstruct past aquatic food web interactions (Leavitt et al., 1989, 
Leavitt et al., 1994a, Leavitt et al., 1994b, McGowan et al., 2005), community composition 
(Vallentyne 1957, Fogg and Belcher 1961, Belcher and Fogg 1964, Brown and Coleman 
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1963, Brown 1968), lake eutrophication and acidification (Lami et al., 1991, Guilizzoni et al., 
1992, Leavitt et al., 1994a, Leavitt et al., 1999), changes in lake structure (Hurley and 
Watras 1991, Hodgson et al., 1998), mass-flux within lakes (Carpenter et al., 1988), past UV 
radiation (Leavitt et al., 1997, Leavitt  et al., 1999), lake variation (Carpenter and Leavitt 
1999), and past levels of primary production (Brown and Coleman 1963, Brown 1968, 
Jeffery et al., 1997, Leavitt et al., 1999, Leavitt and Hodgson 2001, Guilizzoni et al., 2002, 
Chondrogianni et al., 2004, McGowan 2007, Marchetto et al., 2004, Pham et al., 2008).  
However, pigments have received considerably less attention in the Arctic where diatom 
reconstructions have dominated palaeoclimatic research (Smol 1983, Smol 1988, Pientiz et 
al., 1995, Pienitz et al., 2000, Wolfe 2002, Wolfe 2003). Pigments have been utilized in the 
Arctic to identify climate change indirectly (e.g., precipitation, evaporation and temperature), 
through conductivity shifts (salinity) and resultant changes in the depth and stratification of 
lakes (Pienitz et al., 1992, Vinebrooke et al., 1998, Pienitz et al., 2000, Korhola et al., 2002, 
McGowan et al., 2003, McGowan et al., 2008). Changes in the presence and quantity of 
UVR pigments have been used to reconstruct variations in hemispheric UVR, and changes 
in DOC or water depth (Leavitt et al., 1997, Leavitt et al., 1999). Pigments from Arctic lakes 
have also been used to investigate changes in lake production, related to nutrient 
availability, and ecological structure (Anderson et al., 2008, McGowan et al., 2008, Perrren 
et al., 2012).  
 
Pigments present in lacustrine sediments originate from a range of photosynthetic organisms 
(e.g. bacterial groups, higher plants, diatoms, chrysophytes). Chlorophylls and carotenoids 
benefit from being widely distributed and are constituents of all photosynthetic organisms; 
they are taxonomically specific, although the degree of specificity depends upon the pigment 
(Table 3.1). For example, most phototrophs produce a number of chlorophylls and 
carotenoids, but some pigments such as Chlorophyll a are produced by all photosynthetic 
algae and higher plants and can provide an overview of total algal production within a lake. 
Similarly, diatoxanthin is produced by a range of different siliceous algal groups including 
diatoms, dinoflagellates, and chrysophytes. Conversely, some pigments are found only in 
certain algal groups, facilitating their isolation and interpretation (Table 3.1). For example, 
the carotenoid alloxanthin is constrained to cryptophytes, oscillaxanthin is constrained to the 
cyanobacterial group oscillatoriaceae, and okenone is produced by purple sulphur bacteria 
(Goodwin, 1980, Leavitt 1993, Jeffrey et al., 1997, Leavitt and Hodgson, 2001, McGowan, 
2007).  
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Table 3.1Summary of pigments recovered in the water column and in sediments and their taxonomic 
affinities. Compiled from Leavitt & Hodgson (2001) and Jeffrey et al. (1997). The degree of chemical 
stability is ranked from most (1) to least (3) stable, from Leavitt and Hodgson (2001). Pigments with least 
stability are rarely found in the sediment record. 
Pigment Affinity (major groups or processes) Stability 
Chlorophylls   
Chl a All photosynthetic algae, higher plants 3 
Chl b Green algae, higher plants 2 
   
Carotenoids   
β-carotene Most algae and plants 1 
Alloxanthin Cryptophytes 1 
Fucoxanthin Diatoms, chrysophytes, several 
dinoflagellates 
2 
Diatoxanthin Diatoms, dinoflagellates,chrysophytes 2 
Lutein-Zeaxanthin Green algae, higher plants, cyanobacteria 1 
Canthaxanthin Colonial cyanobacteria 1 
Myxoxanthophyll Colonial cyanobacteria 2 
Echinenone Cyanobacteria 1 
Okenone Purple sulphur bacteria 1 
   
Chlorophyll degradation 
products 
  
Pheophytin a Chl a derivative (general) 1 
Pheophytin b Chl b derivative (general) 2 
Pheophorbide a Grazing-senescent diatoms 3 
 
 
Pigments demonstrate differential rates of preservation (Leavitt 1993, Steenbergen et al., 
1994, Leavitt and Hodgson 2001, McGowan 2007). Preservation differs between  
pigments because of different structures of pigment compounds; more complex functional 
groups degrade more rapidly than less modified compounds (McGowan 2007). For example, 
Chlorophylls (Chl a and chl b) are relatively labile, and produce detectable degradation 
products (e.g. Chl a’ and Chl b’). Carotenoids, such as β carotene, are more stable (Table 
3.1). Pigments that are lipid soluble preserve better in the lacustrine record than water 
soluble compounds. Therefore, water soluble pigments may be preserved in the sediment 
record although, because of better preservation rates Chlorophylls, carotenoids and certain 
UV-absorbing lipids are the most commonly utilised pigments in palaeolimnological or 
palaeoenvironmental studies. 
 
Degradation of pigments takes place both in the water column and after deposition and 
burial. The highest rates of degradation are experienced when pigments are exposed to high 
irradiance, temperature and oxygen, which are conditions characteristic of the epiliminon of 
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lakes (Leavitt and Hodgson 2001). Degradation is very rapid and extensive in the water 
column (> 95% of all compounds; half life of days), it is where extensive photo, chemical and 
microbial mediated oxidation (Leavitt and Carpenter 1990, Louda et al., 1998), grazing by 
invertebrates (McElroy-Etheridge and McManus 1999, Descy et al., 1999), bacterial 
degradation (Leavitt and Carpenter 1990), cell lysis and enzymatic metabolism during 
senescence occurs (Louda et al., 1998). These factors interact to determine the quality and 
composition of the pigments assemblages which reach the surficial sediments where slower 
post-depositional losses also take place (half life of years), with very slow losses in deep 
sediments (half life of centuries), especially under anoxic conditions where preservation of 
pigments will be high. Conversely, pigment preservation can be low in aerobic sediments 
where burrowing invertebrates, oxidation and digestion are common. Preservation increases 
with faster sinking to the bottom of the water column (Cuddington and Leavitt 1999). The 
preservation of fossil pigments is further modified by the penetration of light and the 
presence of burrowing invertebrates (Leavitt and Carpenter 1989). Given the high likelihood 
that pigments may have experienced degradation, it is proposed that only ~95% of all 
pigments are preserved intact in the sediment record (McGowan, 2007); caution must be 
taken when interpreting the absolute concentrations of sedimentary pigment records. This 
study will use sedimentary pigments from 4 lakes in south western Greenland to reconstruct 
Holocene lake production, to examine how lake production varies as lakes age, and to 
investigate other environmental variables than can be inferred from pigments such as DOC 
and water clarity, changes in mixing regimes and habitat availability.  
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Chapter 4 : Materials and Methods II - Developing a diatom 
inferred alkalinity model 
 
4.1 Introduction 
This chapter outlines how an inference model for diatom-inferred (DI) alkalinity (log) was 
created for the purpose of reconstructing the lake water pH from the four study sites. The 
chapter begins with a brief introduction to the techniques used for building a diatom model 
and some of the limitations of using transfer functions for palaeoenvironmental 
reconstruction. A review of the methods used to collate and explore the training set data in 
order to identify the most statistically significant environmental variables driving the variance 
in the species data is presented. The results of the exploratory data analysis are presented 
before outlining the process used to produce a range of inference models, and parameters 
adopted to identify the best model for application to the study lakes fossil diatom records. A 
comparison of the chosen inference model with other models and an evaluation of the 
reliability of the alkalinity reconstruction concludes the chapter.  
 
4.2 Background to reconstructing environmental variables from diatoms using 
weighted averaging methods 
 
By modelling the environmental optima and tolerances of diatom species in relation to a set 
of environmental variables (from a training set) it is possible to reconstruct past 
environmental conditions from fossil diatom abundances, using Weighted Averaging (WA) 
regression and calibration techniques. Both WA and Weighted Averaging Partial Least 
Squares (WAPLS) use regression and calibration to infer and predict the optima and 
tolerances of species for the most significant variable in a training set (Birks 1995). In WA 
regression, the optimum and tolerance for each taxon are estimated from the training set 
based upon their relative abundance. In WA calibration the abundance of species is used to 
infer environmental conditions based upon the previous estimates of each taxon’s optimum 
and tolerance. Reconstruction of environmental variables (e.g., pH, and temperature) using 
WA regression infers a unimodal relationship between the species and the environmental 
variable,  which is sound ecologically as species rarely respond linearly to environmental 
gradients, instead they have tolerances spread along the environmental  gradient (Whittaker 
1967). WA maximizes the covariance between the diatom data and the measured 
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environmental variable (Birks et al., 1990, Korsman and Birks 1996). In WA the main 
assumption is that at a given environmental value (for an ecologically important variable 
driving diatom composition), the taxa with optima nearest to that will be the most abundant. 
The optimum for each taxon is an average of all environmental values of the lakes in the 
training set, in which that taxon occurs weighted by its relative abundance. Computed optima 
for the environmental variable are then calculated by taking an average of the abundances in 
a sample, weighted by its environmental optima. Tolerance values of individual diatom taxa 
can be estimated as the WA standard deviation (Birks et al., 1990).  
 
The predicted (inferred) values produced by an inference model are derived from WA 
averages taken twice (once in regression and once in calibration), which causes shrinkage 
of the range of environmental values which are being reconstructed. Shrinkage can be 
corrected by deshrinking through classical and inverse regression (Birks 1995). Although 
inverse deshrinking generally produces lower root mean square errors (RMSE) of prediction, 
it typically underestimates values at the high end of a parameter’s range and overestimates 
values at the gradient’s low end (Pienitz et al., 1995). Classical deshrinking (Birks et al., 
1990), despite generally resulting in higher apparent RMSE, does not produce the trends in 
residuals produced by inverse deshrinking. 
 
The best performing model should be chosen based upon the lowest root mean square error 
(RMSE), r2 value and lowest bias. However, RMSE is an apparent error and can be overly 
optimistic, leading to misleading estimates in the predicative ability of the transfer function 
(Birks et al., 1990). A more realistic method for testing the predictive ability of a transfer 
function is to internally cross validate the model with independent training sets created from 
the existing dataset, to produce the root mean square error of prediction (RMSEP). The 
RMSEP produces a more reliable measure of the true predictive ability of the transfer 
function as they are less biased by sample re-substitution (ter Braak and Juggins 1993, Birks 
et al., 1990, Birks 1995). This can be done computationally by bootstrapping and jack-
knifing, to provide realistic error estimates similar to those based on an independent (test) 
dataset. In jack-knifing and bootstrapping the estimates of species response are 
independent of the samples used in the evaluation of the predictive power, calculated by 
creating a series of training sets that are subsets of the original datasets. Jack-knifing forms 
new training sets by excluding one of the original lakes (leave one out). Therefore, jack- 
knifing estimates the predictive power of the inference model based upon estimates from 
each test itself. Bootstrapping is more complex, creating a new training set by randomly 
picking new lakes from the existing training set, so that the new training sets are the same 
size but some lakes may be chosen twice. Bootstrapping can be repeated a 1000 times, so 
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many combinations of the training set and tests are selected. The overall estimation of the 
predictive ability of the transfer function is based upon estimates of the environmental 
variable of interest for lakes in each training set. The predictive abilities of jack-knifing and 
boot-strapping are similar to those from independent tests but contain better estimates of 
species responses because the estimates are based upon information from all of the lakes. 
Bootstrapping can also provide sample-specific errors for fossil samples. However, in order 
to obtain the sample specific errors the model RMSE(P) must be added and subtracted for 
each sample.   
4.3 Limitations and evaluating inference models 
According to Imbrie and Webb (1981), five major assumptions underpin quantitative 
palaeoenvironmental reconstructions; 1) The taxa in the training set are systematically 
related to the environment in which they live, 2) the environmental variable being modelled is 
an ecologically important variable in the lake of interest, 3) the taxa in the training set are the 
same as in the fossil record and their ecological responses have not changed over the time 
span represented by the fossil diatoms, enabling contemporary patterns of species 
abundance to a given environmental variable to reconstruct changes through time, 4) the 
mathematical methods used adequately model the biological responses of the environmental 
variable of interest, 5) the other environmental variables of interest have negligible influence 
upon the species (Birks et al., 1990). Should all of the above hold true, accurate inference 
models should be produced. However, there are other problems that can affect the 
robustness of palaeoenvironmental reconstructions using inference models. It is important to 
create a training set with as many lakes as possible, to ensure that species tolerances and 
optima are adequately modelled along the environmental gradient of interest. If species are 
not sampled along the length of the environmental gradient then gaps can occur in the 
reconstruction. No analogue situations can arise where species in the fossil record do not 
appear in the training set, reducing the strength of the reconstruction (ter Braak 1995, ter 
Braak et al., 1996), either because of dissolution or the species becoming extinct. It is also 
possible that species’ tolerances and optima to a given environmental variable may have 
changed over time.   Within-lake variability in diatom assemblages is another possible factor 
that could introduce error into diatom inferences (Anderson 1990), so that deep water 
sediment assemblages may not faithfully reflect the composition of the communities in the 
lake (DeNicloa 1986, Jones and Flower 1986, Cameron 1995). 
 
In order to assess how reliable the results are for reconstructions created by an inference 
model, it is important to undertake some form of validation. Ideally, every species in each 
sample of a core would be represented in the training set leading to accurate estimates of 
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species’ optima and tolerances for the chosen environmental variable. However, issues of 
differential rates of preservation in a core, and no-analogue situations (ter Braak 1995), 
where a species may not be represented in the training set can lead to errors in the 
reconstruction, resulting in some parts of the core being better modeled than others. An 
awareness of the parts of the core that are not a good fit to the model is important if accurate 
palaeolimnological and palaeoenvironmental interpretations are to be made (Birks 1998). An 
evaluation of the accuracy of an environmental reconstruction can be done by assessing the 
number of fossil species present in the training set, per sample, for a core (Birks 1998), by 
plotting the RMSEP for each sample (Birks et al., 1990) or by using goodness-of-fit 
techniques such as the modern analogue technique (MAT) or plotting the minimum 
dissimilarity value for each sample (Birks 1998). 
 
Despite the development of techniques (e.g., minimum dissimilarity and MAT) to evaluate 
the strength of an environmental reconstruction, there are many inherent and unavoidable 
problems with quantitative inference models that need to be addressed when assessing a 
reconstruction. Positive spatial auto-correlation between closely located training set sites 
means that sites are not as independent as randomly selected sites, and can cause spurious 
associations between species assemblages and environmental variables. This lack of 
independence between training set sites undermines the assumptions of most statistical 
analyses (Legendre and Fortin 1989).  The presence of autocorrelated sites in a training set 
can lead to overly optimistic RMSEP and r2 estimates, leading to unrealistic estimates in the 
reconstruction error, inappropriate model choice, and at worst the decision to chose a model 
that has no predictive power, but good performance statistics (Telford and Birks 2005, 
Telford and Birks 2009). In order to avoid the issues associated with spatial autocorrelation, 
it has been suggested that a Monte Carlo geostatistical simulation should be run to test the 
predictive power of a transfer function (Telford and Birks 2009), and more recently that a 
reconstruction is only significant if it explains more of the variance in the dataset than most 
reconstructions derived from transfer functions derived from random environmental data 
(Telford and Birks 2011).  
4.4 Data collection  
The training set was created by merging two existing training sets from south western 
Greenland; one produced by Ryves et al., (2002) (60 lakes reduced to 40 lakes) and one 
created by Perren et al., (2009) with 20 lakes. The lakes from the two training sets cover the 
climatic gradient from the ice margin and Sisimiut (see Chapter 2). The resultant training set 
used to develop the model incorporated a total of 47 lakes, 31 lakes from Ryves et al., 2002, 
13 from Perren et al., (2009) and the addition of the three study lakes (SS1381, AT1 and 
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AT4) which were not already in the training set. The lakes were all sampled during 1996 – 
2000, with the exception of the three study sites which were sampled in 2006, 2009 and 
2010, and the results were used to create average values for the chemical variables, to 
overcome issues of seasonal variability in lake chemistry. The original training set lakes 
(Ryves et al., 2002) were chosen to develop a conductivity model, and included lakes that 
covered the environmental gradient between Kangerlussuaq and Sisimiut (See Chapter 2), 
with an emphasis on maximising the conductivity gradient as the aim was to develop a 
diatom-conductivity model for palaeohydrology (palaeoclimatic) inference. However, to build 
a pH or a closely related variable, training set conductivity values greater than 800 μS cm-1 
were deleted to maximize the pH (rather than conductivity) gradient. Similarly, lakes that had 
many missing values for the environmental variables were discarded. However, in some 
cases where data were missing for a few variables median values were used (Birks 1998); 
DOC (17 sites), TP (2 sites), PO4 (10 sites), NOX (5 sites), and TN (2 sites).  
 
A total of 14 chemical (ions and nutrients) and 5 physical variables were measured at each 
of the lakes, the details of which are presented in Table 4.1. In order to reduce the effect of 
extreme values and to normalise the environmental data most variables were log 
transformed or where zero values were present log (x+1) transformed. Major ion and nutrient 
concentrations for the three study sites were determined using facilities at the School of 
Geography, University of Nottingham. Details of how the major ion chemistry, nutrients and 
physical parameters (see Table 4.1) were obtained for the training set lakes are provided in 
Ryves et al., (2002). Alkalinity is the sum of carbonate (CO3
2-) and bicarbonate (HCO3
-) ions 
and is closely related to the pH of water (r2 value of 0.9672 for the training set data (n = 47, p 
= 0.05). Many pH values were missing from the training set; therefore log alkalinity is used 
as a proxy for pH in the data exploration and following DI-alkalinity (log) model.    
 
Surface sediment sampling and diatom preparation and analysis of the training set lakes 
were all completed using the same procedures outlined in the methodology chapter (Chapter 
3), and are covered in more detail in (Ryves et al., 2002). Photographic records and detailed 
notes were produced for the diatom species of the four study sites (SS1381, SS8, AT1 and 
AT4; analyst Antonia Liversidge), facilitating the same classification of species between the 
three analysts (Ryves et al., 2002, Perren et al., 2009 and Liversidge). Species 
classifications were also checked by David Ryves to ensure taxonomic consistency. The 
fossil diatom data from the study lakes were assigned codes used in the two training sets 
(Ryves et al., 2002, and Perren et al., 2009). All of the exploratory data analysis was done 
using the programme Canoco ver. 4.56 (ter Braak and Ŝmilauer 1997-2000), and the 
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Table 4.1 Environmental and physical variables in the training set (n = 47 lakes) with transformations (Transform), minimum (Min), maximum (Max), average (Av) 
and medium values (Med), with codes used in the ordinations and the associated units. Location variables numbered in groups depending on location from west 
to east. * denotes variables that demonstrated high VIF’s with the other variables in the dataset. 
Type Variable Code Unit Transform Min Max Av Med 
Major ion chemistry Dissolved Organic Carbon  DOC (log) mg L
-1
 log (x) 1 93 25 35 
Conductivity Cond (log) μs cm 
-1 
@ 20°C log (x) 24 605 192 133 
 Alkalinity Alk (log) HCO3
-
 + CO3
2-  
 :
 
μeq L
-1
 log (x) 70 11300 1316 625 
 Ph pH   None 7 9 8 8 
 Chloride* Cl (log) Cl
–
: μeq L
-1
 log (x) 29 1741 381 141 
 Sulphate  SO4 (log) SO
4
2
-
: μeq L
-1
 log (x + 1) 0 5620 285 26 
 Calcium* Ca Ca
2+
: μeq L
-1
 log (x) 95 2043 717 461 
 Potassium* K K
+
: μeq L
-1
 log (x) 6 556 133 82 
 Magnesium* Mg Mg
2+
: μeq L
-1
 log (x) 41 2297 614 370 
 Sodium* Na Na
+
: μeq L
-1
 log (x) 39 1763 409 172 
 % Alkalinity* Alk (%) Anions None 3 89 69 75 
 %Cl* Cl (%) Anions None 2 56 21 18 
 %SO4 SO4 (%) Anions None 0 89 10 2 
 %Ca Ca (%) Cations None 27 56 41 40 
 %K K (%) Cations None 1 10 6 6 
 %Mg Mg (%) Cations None 15 48 32 32 
 %Na* Na (%) Cations None 7 52 21 19 
 Cations* Cations Sum (Ca + K + Mg + Na: μeq L
-1
) log (x) 250 6185 1874 1085 
 Anions* Anions Sum ((HCO3
-
 + CO3
2-
 )+Cl + SO4: L
-1
) log (x) 201 15074 1983 1044 
 Anion Ratio Anion R Alk: (Cl + SO4) None 00.4 7.87 3.48 2.99 
 Cation Ratio* Cation R (Na + K) : (Mg + Ca) None 0.15 1.18 0.40 0.34 
Nutrients Total P TP TP: μg L
-1
 log (x + 1) 0 36.64 7.74 6.00 
 Phosphate P  PO4-P: μg L
-1
 log (x + 1) 0 4.5 1.25 1.40 
 N oxides NOX NOX-N: μg L
-1
 log (x + 1) 0 289 29 0 
 Total N TN TN: μg L-1 log (x) 100 1240 489 430 
Physcial  Altitude (m) Alt m.a.s.l None 45 540 320 330 
 Lake area* Area ha log (x) 2 158 21 16 
 Maximum depth Zm m Square root 2 36 15 13 
 Area: Maximum depth A:Zm Ratio log (x) 0 8.79 1.66 0.94 
 Latitude* Lat °N, decimal None 66 67 67 67 
 Longitude Long °W, decimal None 50 54 51 51 
 Location Location Group number (1 -11) None 1 11 6 6 
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inference models were developed and applied to the fossil core data in the programme C2 
ver. 1.6.6 (Juggins 2001-2011).  
4.5 Exploratory data analysis 
There were 252 species in the 47 lake training set, which reduced to 162 when species 
present with maximum abundances less than 1% were deleted. Correspondence Analysis 
(CA) was run on the diatom data (>1% maximum abundance) from the training set and the 
sample scores for axis 1 and 2 were plotted together to see if there was an arch present in 
the data (Hill and Gauch 1980, Jongman et al., 1995). The initial CA biplot of the sample 
scores revealed that an arch was not present in the data and it was not necessary to run a 
DCA, except to explore the gradient lengths in the species data. The results from the CAs of 
the species data run under the two different transformations indicated that the first two axes 
explained between 8.8% and 10.5% of the variation in the species data (Table 4.2).  
 
Table 4.2 CA results for the diatoms in the training set (>1% maximum abundance), with no 
transformation, square root transformation, and log (x +1) transformed. 
Axes 1 2 3 4 Total inertia Transformation 
Eigenvalues 0.436 0.386 0.341 0.303 4.983 No transformation 
% variance explained 8.8 16.5 23.4 29.4  
Eigenvalues 0.277 0.228 0.155 0.152 2.683 Squareroot transformed () 
% variance explained 10.3 18.8 24.6 30.2  
Eigenvalues 0.294 0.247 0.164 0.159 2.813 Log transformed ln(x + 1) 
% variance explained 10.5 19.2 25.1 30.7  
 
 
In order to determine the gradient length of the species data, a DCA was run under two 
different transformations (log transformed ln (x + 1) and square-root transformed ()). The 
results were comparable to that of the CA, with the 1st axis explaining between 8.8 -10.5% of 
the variance in the species (Table 4.3). All transformations produced long gradient lengths 
for the 1st axis (2.5 - 5 s.d. units), indicating a highly unimodal dataset with high species 
turnover and beta diversity along the first gradient. Such long first axis lengths are common 
for species data along long environmental gradients and indicate that unimodal methods 
were are the most appropriate for further analysis of the dataset (ter Braak and Prentice 
1988, Birks 1995, ter Braak and Ŝmilauer 1998). 
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Table 4.3 The DCA of the species data from the diatom training set data (>1% maximum abundance) with 
no transformation, square-root transformation and log transformation. 
Axes                                1 2 3 4  Total inertia Transformation 
       
 Eigenvalues                        0.436  0.354  0.211  0.143 4.983 No transformation 
 Lengths of gradient                4.177  2.914  2.628  1.988  
% variance explained 8.8   15.9   20.1   23.0  
       
 Eigenvalues                        0.277  0.197  0.131  0.076 2.683 Squareroot transformed () 
 Lengths of gradient                2.941  2.096  2.436  1.556  
% variance explained 10.3   17.6   22.5   25.3  
       
 Eigenvalues                        0.294  0.216  0.125  0.081 2.813 Log transformed ln(x + 1) 
 Lengths of gradient                3.070  2.072  2.298  1.866  
% variance explained   10.5   18.1   22.6   25.5  
 
 
The environmental variables from the training set were explored using the indirect ordination 
method of principal component analysis (PCA). The PCA was based upon a correlation 
matrix, which centers and standardizes variables (in this case the environmental variables) 
(ter Braak and Ŝmilauer 1998). All environmental variables were analyzed using PCA to 
determine indirectly which variables were responsible for the largest gradients along the 1st 
and 2nd axis.  
 
Table 4.4 The PCA results from the environmental variables. 
Axes                                1 2 3 4 Total variance 
 Eigenvalues                        0.351  0.220  0.121  0.066 1 
% variance explained 35.1   57.1   69.2   75.8  
 
The results from the PCA revealed that the 1st axis and 2nd axis are responsible for 35.1% 
and 22 % of the variability in the data respectively (Table 4.4). The ordination biplot results of 
the unconstrained environmental variables indicate that axis 1 is most strongly associated 
with alkalinity and conductivity which is closely related to alkalinity, and to a lesser extent 
their constituent parts such as cations, anions and the major ions Ca2+, Cl-, K+, and Mg2+ 
(Figure 4.1a and 4.1b). Axis 1 is also driven by the influence of location, TN and %K. There 
are a few variables along the first axis that are showing high levels of collinearity, such as 
conductivity and alkalinity, indicating that there may be some redundant variables in the 
dataset. The 1st axis appears to be reflecting a conductivity and alkalinity gradient driven by 
lake water chemistry. The 2nd axis captures variance in altitude and TP and to a lesser 
extent sulphate (SO4
2). Therefore, the 1st axis is correlated to the differences in lake water 
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Figure 4.1a. PCA ordinations for the training set environmental variables and; 4.1.b their relation to the samples in the training set by lake number 
 
 
 
 
 
4.1a 
4.1b 
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 Table 4.5.CCA results for the training set data with no transformation, square-root transformation and log transformation.  
Axes                                1 2 3 4  Total inertia Transformation 
 Eigenvalues                        0.410  0.363  0.291  0.273 4.983 No transformation 
 Cumulative % variance of species data  8.2   15.5   21.4   26.8   
 Sum of all canonical eigenvalues           4.983  
Total variance explained (%)                            68.71  
 Eigenvalues                        0.270  0.217  0.146  0.137 2.683 Square-root transformed 
 Cumulative % variance of species data 10.1   18.1   23.6   28.7   
 Sum of all canonical eigenvalues           2.683  
Total variance explained (%)     72.16  
 Eigenvalues                        0.286  0.233  0.153  0.138 2.813 Log transformed ln(log +1) 
 Cumulative % variance of species data 10.2   18.5   23.9   28.8   
 Sum of all canonical eigenvalues                                  2.813  
Total variance explained (%)     71.84  
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chemistry along the steep climatic gradient from Kangerlussuaq to Sisimiut, with the more 
alkaline and conductive waters of the inland lakes located in the top left hand section of the 
ordination (i.e., SS2, SS8, SS1381), and the more dilute lakes in the top right hand section 
of the ordination (i.e., AT1 and AT4) presented inFigure 4.1. Similarly, the higher altitude 
coastal lakes are also located in the top right hand group of lakes in the ordination (Figure 
4.1). 
 
The length of the 1st axis (greater than 2 s.d. units) of the species data determined in the 
DCA indicated that unimodal methods were the most appropriate for further analysis of the 
training set data (ter Braak 1995). Canonical Correspondence Analysis (CCA), a form of 
constrained ordination, was used to explore the relationships between the environmental 
variables and the species using the programme Canoco 4.56 (ter Braak and Ŝmilauer 1998).  
Under different species transformations (log transformed log (x + 1) and square-root 
transformed () all the environmental variables were analysed in a CCA ( Table 4.5). The 
total amount of variance explained by the predictor variables were 68.71% (no 
transformation), 72.16% () and 71.84% for log transformed data. The amount of variance 
explained by the first and second axis were also comparable, 22.6% (no transformation), 
25.1% () and 25.7% (log transformed). Such consistent values for the different 
transformations indicate robust trends in the species data (Ryves et al., 2002).  
 
When the environmental variables were constrained to the diatom and training set sites in 
the CCA, the 1st axis appears to be more closely related to lake area and Cl (%), and not 
alkalinity and the associated anions and cations as in the PCA.  This may be due to high 
levels of collinearity and redundancy of the variables related to alkalinity (ter Braak and 
Verdonschot 1995, ter Braak and Ŝmilauer 2003), which can be explored by investigating 
the variation inflation factors (VIF) and the weighted correlation matrix (ter Braak and 
Ŝmilauer 1998). VIF values  > 20 indicate considerable levels of collinearity with the other 
variables, and if statistically significant (P<0.05) these variables can be safely removed from 
the dataset (ter Braak and Ŝmilauer 1998). The environmental variables showing very high 
VIF factors are most of the major ions (e.g., Mg, Na, Cl, Ca and K), which seems acceptable 
given they are connected with each other, and the presence of two different transformations 
of the major ion chemistry variables (e.g., log and %). Variables with the largest VIF’s were 
systematically removed until all variables demonstrated VIF’s of less than 20 (variables 
removed are marked with * in Table 4.1). This process reduced the number of environmental 
variables to 18. A CCA then indicated that the 1st axis is correlated with alkalinity (log) and  
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Figures 4.2 (a). The full CCA biplot of the training set sites and species (only spp. >15% abundance are presented in diagram); (b) the constrained CCA with all of 
the environmental variables (demonstrating the  levels of collinearity and redundancy between the major ions, alkalinity and conductivity), (c) CCA with redundant 
and collinear variables removed. 
4.2a 
4.2c 
4.2b 
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longitude, reflecting the increase in alkalinity from the coast towards Kangerlussuaq (see 
Chapter 2).  
 
The reduced dataset variables were used to determine the most statistically significant 
environmental variables driving the training set, by the process of forward-selection (ter 
Braak 1986, ter Braak 1990, ter Braak and Verdonschot 1995) using 999 Monte Carlo 
permutations (ter Braak 1990) with Bonferroni corrections (Legendre and Legendre 1998). 
Bonferroni testing states that the p – value for each subsequent variable (x) should be more 
difficult to achieve using the formula p = 0.05/(x +1). Alkalinity (log), max depth () and 
location were chosen by the forward selection process to the 0.01 significance level. The 
three variables account for 13.80% of the overall variance in the dataset. Independently, 
alkalinity, max depth and location account for 6.24, 3.96 and 3.6% respectively, of the 
variance in the training set. The reduced CCA is presented in Figures 4.3a and with the 
training set sites in Figures 4.3b, and the relationship between diatom species in the training 
set lakes in Figures 4.3c.  
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Figures 4.3 (a) the reduced CCA variables, (b) the reduced CCA and the sites, and (c) the reduced CCA and relation to diatom species (>15%). 
4.3a 4.3b 4.3c 
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4.6 Creating the DI-alkalinity model  
The forward- selection process identified Alk (log) (a proxy for pH) as the most 
statistically important variable driving the training set diatom data (responsible for 6.52% 
of variance in the species data, p < 0.001), suggesting that it is an appropriate variable 
to model and use to reconstruct alkalinity from the fossil data of the four lakes (Birks 
1995). Given the unimodal nature of the diatom data identified from the DCA, a range of 
Weighted Averaging (WA) and Weighted Averaging Partial Least Squares (WA PLS) (ter 
Braak and Juggins 1993, ter Braak 1995) inference models were developed for 
comparison using the programme C2 ver. 1.6.6 (Juggins 2003-2011). 
Different WA and WA PLS models were created using two species transformations ( 
and log (x + 1)) which optimizes the noise to signal ratio in the data (Prentice 1980), with 
classical and inverse deshrinking, and jack-knifing and bootstrapping to test the 
predictive ability of the models. Outliers from each model were identified as samples with 
a jack-knife residual greater than the standard deviation of alkalinity (log) (Gasse et al., 
1995, Jones and Juggins 1995) (Figure 4.4). An alternative way to identify “true outliers” 
is to plot residuals (as observed – predicted) against the predicted values of the chosen 
environmental variable (alkalinity log) (Racca and Prairie 2004) (Figure 4.5). The 
statistical influence of removing the outlier from the final model was estimated by Cook’s 
D (Cook and Weisberg 1982), which measures the change in the regression coefficient if 
a particular sample is deleted (Rawlings 1988).  If Cook’s D (<4/n) (where n is the 
number of samples) the sample is considered to have a high statistical influence 
(Hamilton 1992) and should be retained, whereas a sample with a low Cook’s D (<4/n) 
has low influence can be safely deleted from the dataset (cf. Ryves et al., 2002); such 
samples have biotic assemblages that are poorly related to the environmental variable of 
interest (Jones and Juggins 1995). Outliers can be very model dependent, appearing as 
one site in one model and not in others. This was not the case with the models 
developed for the training set, all the WA models consistently yielded site SS48 as an 
outlier in both of the outlined methods above.  SS48 despite being a moderately alkaline 
lake is associated with species that are generally found in more acidic waters in the 
training set, such as Eunotia faba, Frustulia rhomboides var. saxonica, and Cymbella 
perpusilla. However, the WA PLS models identified no outliers. The WA models were re-  
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Figure 4.4 Diatom based inference model for WA Cla (Boot). 4.4a observed log alkalinity against 
predicted log alkalinity. 4.4b residuals – observed against residuals – predicted with standard 
deviation of log alkalinity (0.49) as red line, highlighting the site SS48 as an outlier. 4.4c observed 
log alkalinity against predicted log alkalinity (reduced model without SS48 outlier). 4.4d residuals – 
observed against residuals – predicted (reduced model without SS48 outlier). 
4.4a 4.4b 
4.4c 4.4d 
102 
 
 
Figure 4.5 Predicted log alkalinity (WA Cla (boot) against residuals (observed – predicted) with standard deviation of alkalinity (0.49) shown by the red 
lines, highlighting the presence of the outlier SS48. After Racca and Prairie 2004. 
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run after the removal of SS48 (referred to as “reduced” in Table 4.6, Table 4.7 and 
Figure 4.4). 
 
Final models should be selected that demonstrate the lowest RMSEP, highest coefficient 
of determination between observed and predicted (r2) values and the lowest mean and 
maximum biases under cross validation (ter Braak and Juggins 1993). Given these 
parameters the reduced WA (Boot) with classical deshrinking and log-transformed 
species data (WA Cal (Boot)) model performed the best out of a total of nine different 
models with a RMSEP of  0.28 log alkalinity units,  r2  =  0.76, an average bias of -0.01, 
and a maximum bias of 1.06  (see Table 4.6). WA Cla (boot) was chosen over the WA 
PLS (Boot) with log (n+1) transformed species data, despite producing the same 
RMSEP of 0.28, as it had a higher maximum bias (1.09) and slightly lower r2 (0.75).  
 
The results of the best model under each species transformation for WA are show in 
Table 4.6 and in Table 4.7 for the WA PLS models. Under every species transformation, 
WA with classical deshrinking models performed better (lowest RMSEP and highest r2) 
than models with tolerance downweighting and inverse deshrinking. Using cross 
validation methods (here bootstrapping) always increases the RMSE/P and decreases 
the r2 value of the models. Generally, as training set size increase the RMSEP 
approaches the RMSE (Fritz et al., 2004, Martens and Naes 1989).  The chosen model 
demonstrated the lowest maximum bias (1.06) out of all the models, although the 
predicted alkalinity (log) values are underestimated at both the higher and lower end of 
the predictive range (Figure 4.4a). In both the WA and WA PLS models log-transformed 
species produced the lowest RMSEP and highest r2 .The appropriate WA PLS 
component was chosen from each model only where a 5% improvement in RMSEP (ter 
Braak and Juggins 1993, Brooks and Birks 2000) occurred with each successive 
addition of a component (Table 4.7). Component 2 consistently demonstrated the 
greatest and most significant (p = <0.05) improvement in every RMSEP model.  
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Table 4.6 The performance of the best WA models (classical deshrinking), under different species transformations and with outliers removed 
(reduced). Performance of the models listed in final column and best model chosen for the reconstruction is shaded in gray. 
Model Species 
transf. 
Deshrinking Outliers RMSE r 
2
 Av. Bias Max. 
Bias 
Boot r 
2
 Boot 
Av. 
Bias 
Boot 
Max. 
Bias 
RMSEP Order 
of 
reduced 
models 
RMSEP 
WA (Boot)  None WA_Cla SS48 0.19 0.88 0.19 0.88 0.68 0.00 1.08 0.31  
WA (Boot) reduced None WA_Cla  0.18 0.88 0.00 0.43 0.71 0.00 1.07 0.31 3 
WA (boot)   Squareroot WA_Cla SS48 0.19 0.87 0.00 0.32 0.72 0.00 1.08 0.29  
WA (boot) Squareroot WA_Cla  0.17 0.89 0.00 0.33 0.74 -0.01 1.08 0.29 2 
WA(boot)  log(x) WA_Cla SS48 0.18 0.88 0.00 0.40 0.73 -0.01 1.07 0.28  
WA (boot) reduced log(x) WA_Cla  0.17 0.90 0.00 0.34 0.76 -0.01 1.06 0.28 1 
 
 
 
 
Table 4.7 The performance of the best WA PLS models under different species transformations. 
Model Species 
transf. 
Component Outliers RMSE r 
2
 Av. 
Bias 
Max. 
Bias 
Boot r 
2
 Boot 
Av. 
Bias 
Boot 
Max. 
Bias 
RMSEP Order 
of 
reduced 
models 
RMSEP 
WA PLS (boot)  None 2  0.11 0.95 0.00 0.12 0.70 0.00 1.13 0.30 3 
WA PLS (boot)  Squareroot 2  0.11 0.95 0.00 0.10 0.74 0.01 1.10 0.28 2 
WA PLS (boot)  log(x) 2  0.10 0.96 0.00 0.09 0.75 0.01 1.09 0.28 1 
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Table 4.8 Comparison of the 46 site Greenland alkalinity model with other pH and alkalinity models. 
Reference Location Inference 
Model 
Cross validation 
method 
Environmental 
Variable 
r 
2
 
(boot) 
RMS
EP 
Fritz et al., 2004 Glacier Bay, 
Alaska 
WA Inv Bootstrapping pH 0.8 0.44 
Bigler and Hall 
2000 
Åbisko, northern 
Sweden 
WA PLS  Jack-knifing pH 0.77 0.19 
Joynt and Wolfe 
2001 
Baffin Island, 
Alaksa 
WA Cla Bootstrapping pH 0.44 0.34 
Jones and Birks 
2004 
Svalbard WA PLS  Jack-knifing pH 0.8 0.39 
Korsman and 
Birks 1996 
Northern 
Sweden 
WA Inv Jack-knifing pH 0.66 0.4 
Rosen et al., 
2000 
Northern 
Sweden 
WA Inv Jack-knifing pH 0.61 0.31 
Birks et al., 
1990 
SWAP WA cla Bootstrapping pH 0.86 0.29 
Korsman and 
Birks 1996 
Northern 
Sweden 
WA Inv Jack-knifing Alkalinity 0.79 0.30 
Liversidge (this 
thesis) 
South west 
Greenland 
WA Cla Bootstrapping Alkalinity 0.76 0.28 
 
 
4.7 Discussion of choice of model and evaluation of reconstruction 
The performance of the Greenland alkalinity/pH inference model is good for a small 
training set, and comparative in its coefficient of determination and RMSEP to other 
Arctic pH reconstructions (r2 = 0.76 and RMSEP = 0.28), especially that of Bigler and 
Hall (2000) from Åbisko, northern Sweden (r2 = 0.77 and RMSEP = 0.19) and Korsman 
and Birks (1996) also from northern Sweden (r2 = 0.79 and RMSEP = 0.023) based upon 
much larger training sets (Table 4.8).  
 
The reliability of the reconstruction for each lake was tested in two ways (Figure 4.6). 
Firstly to indicate how well the fossil assemblages are represented in the training set, the 
proportion (%) of taxa from each fossil assemblage present in the training set was 
calculated (Birks 1998). Secondly, Modern Analogue Technique (MAT), within C2 was 
used to calculate the dissimilarity of the ten closest neighbours, the minimum of which 
can be used to infer to how good the model is for any particular sample. Using MAT the 
minimum dissimilarity (Min.DC) was plotted to investigate good and poor areas of 
reconstruction in the core (Figure 4.6). Ideally, values under 100 are considered very  
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Figure 4.6. The alkalinity (log) reconstructions for  the four study lakes with the sample RMSEP values plotted on as error bars (graphs AT1, AT4, SS8, 
and SS1381); the percentage of fossil species present in each sample present in the modern training set, and the minimum dissimilarity value for each 
sample calculated by MAT. 
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good reconstructions, between 100 -150 moderately good reconstructions and over 150, not 
very good at all. Jones and Juggins (1995) suggest that good analogues for samples are 
demonstrated by a minimum dissimilarity of between 100 and 150. The result of the four 
lakes’ minimum dissimilarity suggests that the reconstructions are good and all the samples 
have good analogues. Such low minimum dissimilarities are reflected in the high % of fossil 
species present in the training set. It is expected that the representation of fossil 
assemblages in the training set are near to 100% (Birks 1998), if the predictive power of the 
model is to be considered high and accurate palaeoenvironmental are to be inferred from the 
reconstruction. AT1 and AT4 both demonstrate high percentages of species in the samples 
that are represented in the training set (AT1 ~ 98 % and AT4 ~90%). Similarly, the species in 
the samples from SS8 are well represented in the training set except for at ca. 2000 cal. 
years BP. The majority of the species in the SS1381 core are well represented. However, 
there are some sections of the core where species are not well represented in the training 
set (e.g., ca. 8000 and ca. 5000 cal. years BP) where the DI-alkalinity reconstruction may 
have to be viewed with caution (Figure 4.6). 
4.8 Summary 
 
 Exploratory data analysis, in the form of indirect gradient analysis (CA, DCA and 
PCA) indicated trends in the species data, which maybe attributable to the 
environmental gradients in the training set lakes.  
 Direct gradient analysis (CCA) confirmed that the variation in the species data can be 
related to the environmental variables, and that there are many collinear variables 
within the environmental dataset. Forward selection with Bonferroni corrections and 
Monte Carlo permutations (999) revealed that three independent and significant 
environmental variables best explain the variation in the dataset (alkalinity (log), max 
depth, and location). 
 Using the most significant environmental variable identified by forward selection 
(alkalinity (log)) a range of WA and WA PLS inference models were developed using 
different species transformations ( and log(n+1)) and cross validation (both jack-
knifing and bootstrapping). Outliers were identified as sites that are greater than the 
standard deviation of the environmental variable (alkalinity (log)) 
 The best performing model was chosen based upon the highest r2 and lowest 
RMSEP value. A WA model with classical deshrinking and cross validation by 
bootstrapping produced an r2 of 0.76 and an RMSEP of 0.28. 
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 The chosen inference model performs well compared to similar models in similar 
studies. 
 The low minimum dissimilarities and the high % of species in the samples present in 
the training set indicates that the DI-alkalinity model has a high predictive power. 
 The inference model has been applied to the fossil diatom record of the four study 
lakes to reconstruct alkalinity. The results are presented and discussed in Chapters 
5, 6, 7 and 8.   
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Chapter 5 : Interpretation and discussion of results for lake 
AT1  
 
5.1 Introduction 
This chapter presents the results of the sediment proxies analysed from lake AT1. The core 
lithology, chronology and age-depth model are presented first, followed by the sedimentary 
parameters, and then the pigment and diatom data. The key trends from the proxies are 
described in Section 5.7, and discussed in relation to Holocene lake ontogeny at AT1 in 
Section 5.8. A final section highlights how climate during established episodes (the HTM, 
neoglacial and last 1500 cal. years) may have determined lake ontogeny in south-western 
Greenland. 
5.2 Core lithology 
The details of the AT1 core lithology are summarized below in (Figure 5.1). The full core 
sequence comprises lacustrine gyttja with varying quantities of organic sediment and clays. 
From the base of the core upwards the colour of the gyttja changes progressively from green 
to olive green, and brown to dark brown. The base of the core comprises glacial clays and a 
layer of organic gyttja which is capped by another clay band at ca. 9600 cal. years BP. 
Sections dominated by fine white laminations occur at various intervals throughout the core, 
for example between 5200 - 6600 cal. years BP.  Moss was present in the gyttja at ca. 8000, 
1500 and 1100 cal. years BP.  Further clay bands occurred at ~ 3300 and 1600 cal. years 
BP.  
5.3 Chronology and Age-Depth Model 
The chronology and age-depth model for AT1 (Figure 5.2) is based upon a total of seven 14C 
dates (Table 5.1); five bulk (gytjja) samples and two macrofossils (plant remains). For details 
of the methodology used for AMS dating and creation of the age-depth model, see Chapter 
2. Plant remains are more preferable material to date when constraining chronologies than 
bulk sediment samples because they reflect the contemporaneous 14C levels at the time of 
deposition (Bowman 1990). Whereas bulk age samples are often produce high offsets 
because they are comprised of a heterogenous mix of sediments in both age and 
composition, and in Arctic lakes low sedimentation rates and the input of older carbon in the  
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Figure 5.1The lithology of the core taken from lake AT1 and key for symbols. The diagram indicates key 
sedimentary and colour changes. 
111 
 
form of DIC derived from carbonates from catchment geology or glacial till can make the 
sample appear older than it actually is (Child and Werner 1999, BjÖrk and Wohlfarth, 
2001).This is reflected in the younger dates for the macrofossils, relative to the bulk samples 
at the same depth (Table 5.1). To estimate offsets, the bulk sample 14C dates were paired 
with the macrofossils to derive an offset, which was calculated to be 477±77 14C years for 
AT1, and used to correct the age-depth model.  
 
The age-depth model produced a maximum age of ~10,050 cal. years BP for the basal 
sediments, which is comparable with the timing of deglaciation at the coast (van Tatenhove 
et al., 1996, Bennike et al., 2011). A drop in sedimentation rates from approximately 0.025 g 
cm-2 yr -1 to 0.0065 g cm-2 yr -1 occurs after 6000 cal. years BP (Figure 5.2) and is reflected in 
the DMAR, OMAR and MAR parameters presented in Section 5.3.  
 
 
Figure 5.2 The age-depth model for lake AT1 based upon the chronology of AMS 
14
C dates. The model 
was created by Jesper Olsen of Queens University, Belfast. The yellow features are the bulk calibrated 
dates, the purple features are the corrected bulk dates and the green features represent plant 
macrofossils. The central darker green line represents ages based upon the age-depth model and the 
lighter green lines represent the error for each date calculated from the age-depth model. 
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Table 5.1 Details of the samples used to obtain the 14C chronology by AMS dating for lake AT1, upon 
which the age-depth model was based 
Sample 
code 
Material Lab 
number 
Depth 
(cm) 
14
C Age 
(BP) 
Calibrated 
age 
(years 
BP) 

13
C (‰ 
VPDB) 
Age-depth 
model age 
(years BP) 
        
AT1K 15 BULK SUERC-
34098 
15 674± 37 623±45 -31 239±28 
AT1K 15 PLANT 
REMAINS 
SUERC-
34102 
15 49± 37 64±89 -25 239±28 
AT1-1 2 BULK SUERC-
32428 
107 3917±37 4355±56 -30.6 3630±70 
AT1-2 10  LEAF SUERC-
17760 
155 5054 ± 37 5818±60 -25 5778±57 
AT1-2 10  BULK SUERC-
17764 
155 5531 ± 37 6344±40 -32.9 5778±57 
AT1-2 67 BULK SUERC-
32431 
212 7671±37 8471±43 -30.6 7529±42 
AT1-4 41 BULK SUERC-
26437 
263 9410± 43 10644±49 -31.8 9456±158 
 
 5.4 AT1 Physical parameters  
Physical parameters were measured on the AT1 core (Figure 5.3) at 1cm resolution (a total 
of 279 samples) for organic content (%), minerogenic content (%), carbonate content (%), 
and dry mass/wet mass. With the exception of the top 30.8 cm of the core, which was not 
sampled volumetrically (see Chapter 2), 248 samples were used to calculate the dry mass 
accumulation rate (DMAR), minerogenic accumulation rate (MAR) and organic matter 
accumulation rate (OMAR) for the core profile. The elements Ca and Ti are presented from 
the XRF dataset, except for the kajak core samples which were not processed. The main 
trends characterizing the zones determined by optimal splitting are described in the section 
below.  
Zone AT1S-A (10,000 - 9700 cal. yrs BP)  
The highest DMAR (0.025 g cm-2 yr -1) of the entire core sequence was experienced during 
the early stages of Zone AT1S-A, characterized by a dramatic decline and rapid increase 
(0.017 g cm-2 yr -1) within the first 800 years of the record (Figure 5.3). This trend of initially 
high values followed by a rapid decline and then increase is also reflected in the MAR which 
demonstrated flux rates of approximately 0.025 g cm-2 yr -1 and a rapid increase to 
approximately 0.020 cm-2 yr -1. OMAR exhibited the inverse pattern of DMAR and MAR, and 
were initially low (0.008 and 0.0004 g cm-2 yr -1 respectively). The trends in the DMAR are 
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Figure 5.3 The physical parameters of lake AT1, and Ti and Ca (peak area) from the XRF data. Zones determined by optimal splitting.
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reflected in the minerogenic (%), organic (%), carbonate (%) content and the bulk density of 
the sediment which increases and declines in concert with the accumulation rates and MAR. 
Ti and Ca declined rapidly from very high quantities, of ~800 and 340 respectively, at the 
beginning of the zone, to moderately high quantities. The sediment was comprised mainly of 
minerogenic content (~100 - 90%) and very little organic content (~2%).  
Zone AT1S-B (9700 - 5600 cal. yrs BP)  
Minerogenic material continued to form the largest proportion of sediments during Zone 
AT1S-B (~75 - 87%), despite rapidly declining from the high accumulation rates in Zone 
AT1S-A Figure 5.3).  DMAR declined markedly from the high levels in Zone AT1S-A to 
approximately 0.0065 g cm-2 yr -1, as did MAR (~ 0.005 g cm-2 yr -1) and bulk density (0.019 g 
cm-2 yr -1) of the sediment during this zone. Zone AT1S-B marked an intermediate zone 
between the high minerogenic accumulation rates of Zone AT1S-A and the low rates of Zone 
AT1S-C. Organic content increased to the highest proportions in the core 37- 27%, which 
was also reflected in the large OMAR. DMAR and MAR gradually declined towards the end 
of the zone. The trends in Ti and Ca (peak area) were comparable and both demonstrated 
moderately high quantities with a decline towards the end of the zone. 
Zone AT1S-C (5600 - 700 cal. yrs BP)  
During Zone AT1S-C, accumulation rates were generally consistent, although slightly lower 
than Zone AT1S-B. For example, DMAR and MAR declined to approximately at 0.005 g cm-2 
yr -1, 0.004 g cm-2 yr -1, respectively. However, OMAR were the lowest of the core sequence 
at ~0.005 g cm-2 yr -1 (Figure 5.3).  Bulk density and dry and wet weight values quantities 
remained comparable to Zone AT1S-B at ~ 0.3 g cm-3, and 20 and 80% respectively (Figure 
5.3). A short lived episode characterized by rapid increases in sedimentation rates occurred 
at ~3200 cal. year BP. Ca and Ti (peak area) were comparable to Zone AT1S-B but 
demonstrated maximum quantities at ~3200 cal. years BP.  
Zone AT1S-D (700 - 0 cal. yrs BP)  
It was not possible to determine most of the sedimentary parameters for the top section of 
the core, because the kajak was not sampled volumetrically or analysed for XRF. However, 
the organic, minerogenic and carbonate content (%) of the core was characterized by 
increasing proportions of organic matter (%) and carbonate (%), whereas minerogenic 
content decreased throughout the zone, comparative to zone AT1S-B (Figure 5.3). 
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5.5 AT1 Diatoms  
Diatoms were counted approximately every 2 cm in the AT1 core providing an approximate 
resolution of 100-140 cal. years BP. A total of 212 species covering 26 genera were 
counted. The results from the diatom counts and the associated parameters, such as F-
index and diatom concentration are presented in Figure 5.4 and Figure 5.5 respectively. 
Zone AT1D-A (10,000 - 10,050 cal. years BP) 
Zone AT1D-A was dominated by Fragilaria pinnata (≤ 45%), Fragilaria tenera (> 30%) and 
very small percentages (≤ 10%) of Cymbella reichardtii, Fragilaria pseudoconstruens, and 
Pinnularia interrupta (Figure 5.4). DI-alkalinity was low during Zone AT1D-A at 650 μeq L-1. 
Diatom valve preservation was low during the zone (F-index = 0.3 - 0.5), and diatom 
diversity (Hill’s N2) was at its lowest of the whole core, of 1.7 (Figure 5.5). Benthic diatoms 
dominated comprising up to 96% of the total assemblage, and the smallest proportion of 
chrysophyte cysts (approximately 2%) in the profile occurred (Figure 5.5). 
Zone AT1D-B (10,050 - 9200 cal. years BP) 
The zone is characterized by very low abundances of Fragilaria pinnata, relative to Zone 
AT1D-A (Figure 5.4). Fragilaria tenera was the most prevalent diatom with its highest 
abundance of the whole core, up to 70%, occurring in Zone AT1D-B. Low relative 
abundances of Denticula tenuis, and Fragilaria construens var. venter appeared for the first 
time in low values. Similarly, Achnanthes minutissima (≤15%) and Cyclotella stelligera 
occurred for the first time in moderately high proportions (≤30%). Alkalinity increased to the 
highest values in the reconstruction (~1870 μeq L-1) at approximately 9300 cal. years BP. 
Diatom preservation improved  (high F-index) dramatically up until 9800 cal. years BP, after 
which it began to decrease again (0.6). Diatom concentration increased from low to 
moderately high values throughout the zone, from approximately 9.5 -10.2 (log 106 g), but 
diversity (Hill’s N) increased to approximately 6 (Figure 5.5). 
.  
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Figure 5.4 The relative abundances for diatoms (>5%) from lake AT1 sorted by weighted averaging of species abundance. Cyclotella comensis rossii 
ocellata complex counts include counts for C.comensis, C. rossii and C. ocellata. The DCA axis 1 and 2 sample scores are presented at the end of the 
diagram alongside the DI-alkalinity (μeq L
-1
) reconstruction. 
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Figure 5.5 The LOI, diatom dissolution (F-index), concentration (log 10
6
 g), species diversity measured by Hill’s N (N2), diatom: chrysophyte cyst ratio 
(%) where the proportion of diatoms is represented by black shading and the proportion of chrysophyte cysts in gray, 
benthic:planktonic:tychoplanktonic diatom ratio (%) where the proportion of benthic diatoms are represented by black shading, planktonic by gray 
shading and tychoplanktonic by white shading, DCA axes 1 and 2 sample scores, and the DI alkalinity (μeq L
-1
) for lake AT1. 
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Zone AT1D-C (9200 - 8400 cal. years BP)  
Zone AT1D-C was characterized by the largest proportions of Fragilaria 
pseudoconstruens (≤55%) and Cyclotella stelligera (≤50%) in the core (Figure 5.4). 
Other trends that define this zone were an increase in Fragilaria pinnata, a decline in 
Fragilaria tenera and Achnanthes minutissima and similar proportions of Fragilaria 
construens var. venter to Zone AT1D-B. DI-alkalinity values fell from the high values of 
zone AT1D-B to an average of 1000 μeq L-1. Diatom preservation decreased to the 
lowest in the core (0) between approximately 8700-8600 cal. years BP, indicating that all 
diatom valves demonstrated signs of dissolution. The zone was characterized by the 
highest abundances of planktonic species in the core, of up to 40%. Diatom 
concentration increased slightly before gradually declining and diversity increased 
slightly relative to Zone AT1D-B (Figure 5.5). The proportion of chrysophyte cysts 
increased to approximately 12%. 
Zone AT1D-D (8400 - 6300 cal. years BP) 
Within Zone AT1D-D Fragilaria pinnata, Fragilaria pseudoconstruens, Fragilaria tenera, 
and Cyclotella stelligera all declined from the high levels of Zone AT1D-C (Figure 5.4). A 
number of new species were introduced in low proportions in Zone AT1D-D, including 
Fragilaria brevistriata, Achnanthes spp, and Cyclotella comensis rossii ocellata complex. 
Throughout the core, the largest proportion of Fragilaria construens var. construens 
occurred within this zone. The DI-alkalinity values continued to decline slowly throughout 
the zone from approximately 1000 to 400 μeq L-1. After 8300 cal. years BP, the diatom 
dissolution index rose throughout the zone until 7100 cal. years BP before declining 
again (Figure 5.5). The proportion of planktonic diatoms declined from approximately 
30% to 10% as the percentage of benthic diatoms increased. Diatom concentration 
steadily declined until ca. 7300 cal. years BP before increasing again and diatom 
diversity (Hill’s N) also improved throughout the zone to ~12.  
Zone AT1D-E (6300 - 1700 cal. years BP) 
Zone AT1D-E was characterised by the dominance of Fragilaria brevistriata in its largest 
proportions of the entire core, of ≤ 40% (Figure 5.4). Achnanthes spp were present in 
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abundances comparative to Zone AT1D-E, although Fragilaria spp declined to 
moderately low levels relative to the rest of the core. Pinnularia interrupta, Achnanthes 
subatomoides, and Navicula leavissima appeared for the first time consistently in 
moderately high values relative to the rest of the core. Tabellaria flocculosa also 
appeared for the first time in very low proportions (<3%). DI-alkalinity remained 
comparable to the latter stages of Zone AT1D-D with some sporadic and short lived 
increases (Figure 5.5). F-index values demonstrated large fluctuations throughout the 
zone, from moderately low to moderately high F-index values, suggesting variable rates 
of dissolution throughout the zone. At 3400 cal. years BP maximum diatom 
concentration occurred of approximately 10.3 log 106 g before rapidly declining 
throughout the rest of the zone. N2 diversity was comparable to Zone AT1D-E with the 
largest peaks in diatom diversity in the core occurring at 4300, 3300, and 2800 cal. years 
BP. Benthic diatoms were present in the highest proportions of the entire core 
(approximately 95%), and the proportion of chrysophyte cysts also increased throughout 
the zone.  
Zone AT1D-F (1700 - 160 cal. years BP)  
Fragilaria pseudoconstruens, Fragilaria pinnata and Fragilaria brevistriata all declined 
slightly in abundance relative to Zone AT1D-E (Figure 5.4), Achnanthes spp and 
Cyclotella comensis rossii ocellata complex were absent, and Fragilaria exigua occurred 
in its highest abundance of the core sequence (≤ 13%). Tabellaria flocculosa reached its 
maximum abundance (≤ 20%) and Aulacoseira lirata appeared for the first time in low 
relative abundances (~10%). DI-alkalinity remained at a level similar to Zone AT1D-E 
with a short lived decline in values at ca. 1000 cal. years BP (Figure 5.5). F-index and 
diversity values stayed similar to Zone AT1D-E, and diatom concentrations increased 
slightly until ca. 1000 cal. years BP before a decline and increase again. The proportion 
of benthic diatoms rapidly declined to approximately 70 and 80% between 900 and 350 
cal. years BP.  
Zone AT1D-G (160 - 0 cal. years BP) 
Zone AT1D-G was characterised by a decline in Fragilaria pseudoconstruens, Fragilaria 
pinnata and Fragilaria construens var. venter to some of the lowest proportions present 
in the core (Figure 5.4). The most abundant species in Zone AT1D-G were Fragilaria 
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brevistriata and Navicula laevissima which were both present in their highest 
percentages of the core (>35%). The DI-alkalinity, F-index and diatom concentration 
values were comparative to Zone AT1D-E (Figure 5.5), and diversity declined to some of 
the lowest values in the core (~5). Benthic diatoms increased in abundance (97%) 
relative to Zone AT1D-E (70-80%). 
 
5.6 AT1 Sedimentary pigments 
The sedimentary pigments were analysed every 1 cm providing a resolution of 
approximately 40 years per sample. The results for the sedimentary pigments are 
presented in Figure 5.6. 
Zone AT1P-A (10,000 - 8400 cal. years BP)  
Zone AT1P-A is characterized by moderately high but variable concentrations of β 
carotene, Chl a’, canthaxanthin and echinenone of approximately 350, 130, 500 and 300 
nmol g-1, respectively (Figure 5.6). Chl a and pheophytin a demonstrated an initial peak 
at the start of the zone, after which pheophytin a and Chl a exhibit their lowest 
concentrations present in the core, of approximately 200 and 130 nmol g-1 respectively, 
Chl b and pheophytin b oscillated at moderately low values comparative to the rest of the 
core, although pheophytin b was present in its highest quantities in the first few cm of the 
core. Alloxanthin, diatoxanthin, and lutein-zeaxanthin all fluctuated at moderately low 
levels. Fucoxanthin occurred only sporadically at two intervals in the zone and UV 
pigments were absent from this zone. 
Zone AT1P-B (8400 - 6400 cal. years BP) 
The key trends that characterised Zone AT1P-B were a peak in β carotene values, of 
925 nmol g-1, and an increase to moderately high concentrations of Chl a and 
pheophytin a (Figure 5.6). Cyanobacterial pigments were marked by the highest 
concentrations of canthaxanthin (670 nmol g-1), and echinenone was present in 
moderately low concentrations. Chl b continued to fluctuate between low and moderately 
high values, and pheophytin b occurred in its highest concentration of the entire core 
(2000 nmol g-1). Alloxanthin levels remained comparable to Zone AT1P-A, although  
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Figure 5.6 Sedimentary pigment concentrations (nmol pigment g
-1 
organic content sediment) for lake AT1 with zones determined by optimal splitting 
and the PCA axis 1 and 2 scores. 
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diatoxanthin and lutein-zeaxanthin occured in their highest concentration in the whole 
core (2200 nmol g-1 and 3000 nmol g-1 respectively). Bacteriochlorophyll a was absent 
from this zone, fucoxanthin occurred periodically in small quantities and UV pigments 
appeared for the first time at the top of Zone AT1P-B. 
Zone AT1P-C (6400 - 5400 cal. years BP) 
Zone AT1P-C was characterised by low variability and moderately low concentrations of 
all pigments present (Figure 5.6). However, the UVR index rose to the highest values  
 (31) present in the core and alloxanthin occurred in its lowest concentration for the 
entire core (~300 nmol g-1). 
Zone AT1P-D (5400 - 3600 cal. years BP) 
During Zone AT1P-D total algal production remained at concentrations comparable to 
Zone C, except for β carotene, which declined (Figure 5.6). Canthaxanthin and 
echinenone declined to their lowest quantities in the core. Chl b concentrations remained 
moderately low and pheophytin b concentrations decline to the lowest present in the 
core, of approximately 2000 nmol g-1. Alloxanthin levels increased slightly and 
diatoxanthin and lutein-zeaxanthin levels fell to their lowest values in the core. The UVR 
index was moderately high and bacteriochlorophyll a was absent from the zone. 
Zone AT1P-E (3600 - 800 cal. years BP) 
With the exception of β carotene, overall algal production was at its maximum during 
Zone AT1P-E; Chl a, Chl a’ and pheophyin a occurred in the highest concentrations of 
the core of 1200, 470, and 4300 nmol g-1, respectively (Figure 5.6). Chl b, Chl b’ and 
pheophytin b occurred in the highest concentrations of the core of 460, 4000 and 2000 
nmol g-1, respectively. Similarly, alloxanthin also demonstrated its highest concentrations 
in the profile, up to 1200 nmol g-1. Canthaxanthin, echinenone, diatoxanthin, and lutein-
zeaxanthin concentrations were low.  Bacteriochlorophyll a appeared for the first time in 
moderately low levels during Zone AT1P-E, and the UVR index values are comparative 
to Zone AT1P-D.  
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Zone AT1P-F (800 - 0 cal. years BP) 
During Zone AT1P-F, with the exception of β carotene which declined to the lowest 
values in the core, overall algal production concentrations were broadly comparable to 
Zone AT1P-E (Figure 5.6). Canthaxanthin increased to moderately high concentrations 
and echinenone rose to the highest concentration in the core, of ~1000 nmol g-1. Chl b, 
chl b’ and pheophytin b declined throughout Zone AT1P-F. Diatoxanthin and lutein-
zeaxanthin were present in low values, alloxanthin and UVR index values gradually 
declined and fucoxanthin increased to moderately high concentrations relative to Zone 
AT1P-E. 
5.7 The long-term trends and relationships between the proxies at AT1 
5.7.1 DCA axis 1, alkalinity and lake production 
DCA axis 1 accounts for 26.4% of the variance in the fossil diatom data from lake AT1 
and demonstrates the change from initially alkaline conditions to more oligotrophic 
waters throughout the Holocene (Figure 5.7), which is reflected in DI-alkalinity 
reconstruction (r =0.91) (See Chapter 4). The decline in the DCA axis 1 scores 
throughout the Holocene reflects a transition in the dominant diatom species from higher 
scoring, more alkaphilous species, towards more negative scoring, acidophilous species. 
 
The DI-alkalinity reconstruction in Figure 5.7 demonstrates that during the Holocene 
alkalinity has declined from initially high values to low values; three different stages of 
alkalinity loss can be identified. Rapid increases in alkalinity, of 1.6 µeq L-1 yr -1, take 
place between ca. 10,050 and 9400 cal. years BP, resulting in maximal lake alkalinity of 
1,800 µeq L-1 at 9400 cal. years BP. Between 9400 and 7000 cal. years BP, alkalinity 
steadily declines to approximately 496.4 µeq L-1, demonstrating an alkalinity loss of 
0.315 µeq L-1 yr -1. During the last 7000 cal. years at lake AT1, alkalinity has been the 
lowest out of the record and broadly consistent, decreasing by only 0.03 µeq L-1 yr -1 to 
the present day.      
 
The pigment PCA axis 1 accounts for 61% of the variance in the pigment species at lake 
AT1 (Figure 5.7), and is indicative of production at lake AT1; the higher scoring pigment 
groups are those that represent overall algal production, such as β carotene, 
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Figure 5.7 The AT1 DI-alkalinity reconstruction plotted against age (cal. years BP), and the AT1 DCA (diatom) and PCA (pigment) axis 1 sample scores. 
DCA axis 1 reflects assemblage change in relation to alkalinity. Pigment PCA axis 1 reflects within lake production The red lines on the first three plots 
are the locally weighted lowess smooth values for the three variables. DCA and PCA axis 1 are responsible for 26.4 % and 61 % of the variance in the 
diatom and pigment dataset respectively. The dashed lines represent the key changes in the profiles.
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diatoxanthin (diatoms and chrysophytes) and lutein-zeaxanthin (chlorophytes and 
cyanobacteria). Higher sample scores on PCA axis 1 therefore indicate periods of higher 
biological production than lower scoring sections.  
 
Between approximately 10,050 and 8500 cal. years BP, lake production was generally 
constant and moderately high relative to the rest of the Holocene, with maximum 
production levels occurring from 8500-7500 cal. years BP. Production progressively 
declined from ca 7000 cal. years BP until the present day at AT1. For the first ca. 4000 
cal. years the trends in the PCA scores are not comparable with those of DCA axis 1 or 
DI-alkalinity (Figure 5.7). When AT1 was experiencing the highest alkalinity, from ca. 
10,050 to 9400 cal. years BP, PCA axis 1 values were only moderately high until 
approximately 8500 cal. years BP. DI-alkalinity declined between ca. 9400 - 7000 cal. 
years BP, when PCA axis 1 demonstrated the highest values in the profile. From ca. 
7000 cal. years BP until the present day DCA 1, DI-alkalinity and PCA all displayed the 
same rate and direction of change (Figure 5.7). Despite this discrepancy between the 
DCA 1, DI-alkalinity and PCA axis 1 trends in the first 4000 cal. years at AT1, PCA axis 
1 scores are highly significantly correlated to DI-alkalinity yielding an r value of 0.84. 
5.7.2 The DCA and PCA axis 2 scores 
The PCA and DCA axis 2 scores both display simultaneous changes (Figure 5.8). The 
PCA axis 2 scores exhibited high values from 10,000 until ca. 7000 cal. years BP, after 
which they gradually declined until 3500 cal. years BP. Between 3500 and 0 cal. years 
BP, PCA axis 2 sample scores increased and rapidly increased to high values at 1000 
cal. years BP where they remained until the top of the core. Conversely, the diatom axis 
2 scores were at their lowest from the period between 10,000 up until ~ 7000 cal. years 
BP, and then gradually increased up until 3000 cal. years BP, before declining again and 
dramatically falling to the lowest values in the core at ~ 1000 cal. years BP, after which 
they increase in quantity. 
 
DCA axis 2 explains 7.1% of the variance in the fossil diatom data at AT1. The changes 
in DCA axis 2 match the trends in the proportion of benthic diatoms (Figure 5.8) and is 
positively correlated with benthic diatoms and negatively correlated with planktonic 
species (r = 0.5 and -0.3, see Appendix 4, Table 4.1). The highest scoring species for  
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Figure 5.8  The DCA (7.1%) and PCA (12.8%) axis 2 sample scores for AT1 (possibly indicting 
assemblage changes associated with water depth/water clarity) and the proportion (%) of benthic 
(black shading), planktonic (gray shading) and tychoplanktonic (white) diatoms 
(benthic:planktonic:tychoplanktonic). Dashed lines mark on the timing of the key changes in the 
DCA and PCA axis 2 sample scores 
 
 
DCA axis 2 is Cyclotella rossii comensis ocellata complex, a planktonic species that 
thrives in clear, deep mixing waters (Saros, pers. comm., Saros et al., 2003.). Other high 
scoring species are benthic species, such as Fragilaria brevistriata, which require clear 
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waters to enable light penetration to the benthos, to facilitate photosynthesis and allow 
large proportions of benthic communities to develop. 
 
The PCA axis 2 accounts for 12.8% of the variance in the fossil pigment data and is 
strongly correlated with UVR index and the cyanobacterial pigments echinenone and 
bacteriochlorophyll a. The changes in the PCA axis 2 scores correlate with the 
proportion of planktonic diatom species (Figure 5.8) (r = 0.25, Appendix 4, Table 4.1). 
These correlations suggest that the role of light may be important in controlling PCA axis 
2. 
5.7.3 Key trends between production and alkalinity with the sedimentary 
and biological record 
The long-term Holocene trends in production (PCA axis 1) and DI-alkalinity (Figure 5.10 
and Appendix 4, Table 4.1) were positively correlated to OMAR (r = 0.79 and 0.66, 
respectively), to a lesser extent MAR (r = 0.37 and 0.36, respectively), and the 
associated allochthonous elements Ca and Ti. As demonstrated in Figure 5.9, the 
correlation between production and alkalinity with OMAR indicates that when biological 
production and lake water alkalinity were high so was OMAR, suggesting that OMAR 
was largely derived from within-lake production. Similarly, the positive correlation 
between production and DI-alkalinity with MAR indicates that when alkalinity and 
production were high during the Holocene at AT1 so too was MAR. Associated with high 
quantities of MAR are elevated quantities of Ca and Ti (MAR is significantly positively 
correlated with Ca and Ti). The positive correlations between production and DI-alkalinity 
with OMAR, MAR, Ca and Ti, are reflected in the early stages of lake development at 
AT1, between ca. 10,000 - 7000 cal. years BP, when all these variables were high, and 
the fact that they all declined broadly in synchronicity thereafter (Figure 5.9).  
 
Diatom concentrations demonstrate a broadly similar trend to DI-alkalinity and 
production, generally declining from high values in the early Holocene and 
demonstrating a decline during the last 4000 cal. years BP (Figure 5.9). However, 
diatom concentration is not significantly correlated to any other variable (Appendix 4, 
Table 4.1).
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Figure 5.9 The AT1 Holocene trends in DI-inferred alkalinity (µeq L
-1
), diatom DCA and pigment PCA axis 1 scores, the proportion of benthic (B) (black 
shading), planktonic (P) (gray shading) and tychoplanktonic (T) (white) diatoms, Fragilaria spp (%), Cyclotella stelligera and comensis rossii ocellata 
complex (%), diatom concentration (log 10
6
 g), PCA axis 1 and 2 scores, UVR index, OMAR, MAR showing the larger values (A) and MAR (B) the MAR 
data with large values removed (Red line indicates the locally weighted lowess smooth values for MAR B plot), Ti (peak area) is represented by the red 
line and Ca (peak area) by the black line in the Ti and Ca plot, and GRIP temperature (Dahl-Jensen et al., 1998). The red lines across the diagram mark 
the large-scale changes that occurred in the biological records at ~7000 cal. years BP and in the sedimentological parameters at ~ 6000 cal. years BP. 
The blue shading represents the peak of the HTM as defined by Bennike et al., (2000), the black dashed lines represent the neoglacial (Bennike 2000) 
and the last 1500 cal. years BP.
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5.7.4 Alkalinity, production and the proportion of planktonic and benthic 
diatoms 
Alkalinity and production were positively correlated to the proportion of planktonic 
diatoms (r = 0.66 and 0.61, respectively; Appendix 4, Table 4.1) and negatively 
correlated to the proportion of benthic diatoms (r = 0.41 and 0.45, respectively). These 
results indicate that when the lake was more alkaline and productive, planktonic diatoms 
were present in higher proportions than benthic diatoms. OMAR is also positively related 
to increasing proportions of planktonic diatoms and negatively correlated to the 
proportion of benthic diatoms (r = 0.51 and -0.3, respectively), again suggesting that 
OMAR was reflecting within lake, planktonic, production. 
5.7.5 Water clarity, allochthonous sediment sources and the dominance of 
benthic or planktonic diatoms communities 
Holocene trends in water clarity at AT1 are indicated by the presence of UVR pigments 
and benthic diatoms (%). Figure 5.10 suggests that water clarity improved from ca. 6500 
cal. BP onwards as alkalinity, production and OMAR all decreased, and the proportion of 
benthic diatoms increased. UVR is negatively correlated to alkalinity, production and 
OMAR, (r = -0.54, -0.61, and -0.30 respectively; Appendix 4, Table 4.1) and positively 
correlated to the proportion of benthic diatoms (r =0.40). These relationships suggest 
that as alkalinity and production declined, water clarity (UVR) increased, and so too did 
the proportion of benthic habitats in the lake.   
 
There is also some evidence that allochthonous sediment inwash (e.g., MAR and Ca), 
possibly during times of climatic deterioration, can reduce water clarity leading to a 
decline in benthic production but an increase in planktonic production. This is 
demonstrated by the positive relationships between production (PCA 1) and the 
allochthonous derived MAR, Ca, and Ti, and the negative relationship between 
production and UVR. These relationships suggest that during periods of high MAR there 
is limited UVR penetration to the benthos, and decline benthic diatom production 
(benthic diatoms are positively correlated to UVR and are negatively correlated to 
production). Conversely, planktonic diatoms demonstrate the opposite trends, being 
negatively correlated to UVR and positively correlated to production (PCA 1).  These 
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results suggest that either the presence of the allochthonous sediment or the increased 
planktonic production shades out the benthos. These relationships suggest that 
increasing light penetration to the benthos increases the proportion of benthic species 
relative to planktonic.  
5.7.6 Climate 
The long-term trends in the production and DI-alkalinity trends are not significantly 
correlated to GRIP (temperature) at AT1, indicating that climate does not impact upon 
production and DI-alkalinity directly. However, AT1 Holocene alkalinity and production 
trends are highly positively correlated to MAR and the elements within (Figure 5.9 and 
Appendix 4, Table 4.1), which are negatively correlated to GRIP temperature, and 
OMAR (r = -0.18). These correlations suggest firstly, that cooling climates result in larger 
quantities of allochthonous minerogenic sediment inwash and the elements within, which 
then impact upon production and alkalinity, and secondly, that cooler climates reduce 
OMAR either directly or through mediating other processes which impact upon 
production. The positive relationship between GRIP and PCA axis 2 (r =0.18) provides 
evidence that warmer temperatures lead to a decline in water clarity or an increase in 
DOC. 
  
5.7.7 The Holocene changes in AT1 diatom assemblages in relation to the 
surface sediment training set lakes and dominant environmental variables 
The AT1 fossil diatom data was plotted passively onto a constrained ordination of the 
surface sediment lakes and three most significant environmental variables in the training 
set (chosen by forward selection and Monte Carlo permutations (1000); see Chapter 4), 
indicating how the lake has changed through time (see Figure 5.10). During the early 
stages of lake development at AT1 (until approximately 8211 cal. years BP), three 
distinct changes occurred in lake AT1. Initially, the diatom scores indicate that lake water 
alkalinity was high and similar to the inland lakes today, such as SS8. AT1 then became 
rapidly more oligotrophic until 9569 cal. years BP, before rapidly becoming more alkaline 
and comparable to the inland lakes today, again, at approximately 8211 cal. years BP; 
demonstrated by the diatom trajectory rapidly tracing along the first axis in Figure 5.10. 
131 
 
 
 
Figure 5.10 AT1 down core changes of the diatom assemblages (red line) plotted passively in a constrained ordination of surface sediment 
environmental space (lakes =coloured circles) with the most statistically significant forward selected variables. The green circles indicate the alkaline 
lakes near to the head of the fjord at Kangerlussuaq, the yellow are the circumneutral lakes, and the blue are the dilute and oligotrophic coastal lakes. 
T denotes the top of the core and B the base. Three dates (in cal. years BP) are presented to indicate the timings of the key shifts in the diatom axis 1 
scores.  
 
132 
 
Between 8211 and 4615 cal. years BP the diatom trajectory reflects that lake water 
alkalinity was tracking down the location variable in ordination space (Figure 5.10), 
indicating a progressive change limnologically from alkaline waters comparative to the 
inland lakes today, to more circumneutral waters marked by the close proximity of the 
circumneutral lakes in the diagram (yellow circles), finally becoming more oligotrophic 
and analogous to the coastal lakes today (blue circles). This transition along the location 
variable also marks a change limnologically in the max depth variable, indicative of 
increasing water clarity, reflecting increasingly clear water conditions until ~4675 cal. 
years BP. This is reflected by the presence of deep, clear, coastal, oligotrophic lakes 
(blue circles) in Figure 5.10 in the ordination. For the last 4615 cal. years BP, the lake 
continued to undergo a decline in alkalinity, becoming oligotrophic and by the top of the 
core assemblages are comparable to those today in AT1. However, the “curve” in the 
trajectory from 4515 cal. years onwards may reflect a decline and then increase in water 
clarity at AT1.   
 
5.8 Discussion  
5.8.1 Evidence for long-term oligotrophication at AT1  
Trends in alkalinity and production indicate that, after a peak in production in the early 
Holocene (ca. 7000 cal. years BP), long-term oligotrophication has occurred at AT1. 
These trends in alkalinity and production are characteristic of Holocene lake ontogeny in 
deglaciated, Arctic and boreal terrain. During the early stages of lake development, after 
the retreat of ice from a developing lake catchment, high quantities of nutrient, base-rich 
minerogenic sediments are washed into the lake resulting in a period of elevated 
biological production, and highly alkaline waters. Following the period of high productivity 
lakes undergo progressive acidification, related to a cessation of nutrient inputs because 
of soil and vegetation development, and biochemical coupling between the catchment 
and lake water chemistry (Pennington et al., 1972, Battarbee 1984, Whitehead et al., 
1989, Engstrom and Fritz 1988, Renberg 1990, Fritz and Engstrom 1995, Wolfe and 
Hartling 1995, and Engstrom et al., 2000).  The research from Glacier Bay, Alaska, 
indicates that lakes in recently deglaciated, boreal regions demonstrate high levels of 
alkalinity, pH, and base cations in the first one thousand years of formation. Alongside 
this, nitrogen increases for the first couple of centuries, declining thereafter when lake 
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waters become progressively oligotrophic and acidic with increasing concentrations of 
organic acids (evident from the DOC).  Similarly, lakes in Arctic Sweden demonstrate 
comparable Holocene ontogeny trends, although most European lakes have been 
affected by anthropogenic eutrophication or acid rain in the late Holocene. For example, 
at Lilla ÖresjÖn, south western Sweden, four pH periods were distinguished (Renberg 
1990). An alkaline period following deglaciation (12,600-7800 BP), a naturally acidic 
period (7800-2300 BP), a period of higher pH associated with the expansion of 
agriculture (2300-1900 BP), and a period of acidification that began at approximately 
1900 cal years BP.  The early alkaline stages were associated with a dominance of 
alkaliphilous Fragilaria species which are found in sediments deposited in the phases of 
deglaciation and are thought to reflect a higher nutrient supply (Haworth 1976, Stabell 
1985). Similarly, in south western Greenland numerous palaeostudies provide evidence 
for similar lake ontogeny trajectories (Fredskild 1977, Fredskild 1983a, Fredskild 1992, 
Willemse 2002). Despite the similarities of the AT1 ontogeny trajectory with lakes from 
other boreal and Arctic regions, there are some differences between the studies in the 
timing, magnitude and duration of change, which may be attributed to catchment specific 
factors.   
 
Changes in alkalinity and production (PCA 1) were not synchronous in the early 
Holocene (>8000 cal. years BP); maximum production lags behind peak alkalinity 
(Figure 5.9). Ontogeny studies from lakes in deglaciated terrain have acknowledged that 
the early stages of lake development are characterized by highly alkaline waters and 
high levels of production (Fredskild, 1977, Fredskild 1983a Engstrom and Fritz 1988, 
Fredskild 1992, Fritz and Engstrom 1995, Engstrom et al., 2000, Willemse 2002), 
although to date few studies have reconstructed both alkalinity and production 
simultaneously to examine the relationship between the two variables. However, in south 
western Greenland, numerous palaeolimnological studies provide evidence that the 
highly alkaline early phase of lake development is associated with elevated production. 
For example, numerous early Holocene lake sediment records from south western 
Greenland record the presence of calcite rich sediment alongside alkaliphilous 
Characeae remains (Bennike et al., 2010), Pediastrum (Fredskild 1983a, 1992), diatoms 
(Cyclotella radiosa and Achnanthes minutissima) and pigments (myxoxanthophyll) all 
indicative of mesotrophic conditions (Anderson et al., 2004,  Anderson et al., 2008). One 
suggestion for the lack of synchronicity between the two variables at AT1 may be that 
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the high proportion of allochthonous sediment entering the lake from the disturbed and 
barren catchment during the early stages of lake development reduced water clarity, 
photosynthesis and biological production. The high quantity of nutrients in the early 
Holocene could not be fully harnessed by organisms until light availability improved, 
thereby increasing photosynthesis.  Consequently, production was suppressed until 
water clarity improved at approximately 9000 cal. years BP, coincidental with the largest 
proportion of planktonic diatom species (see Figure 5.9).  
 
The positive correlations between alkalinity and production at AT1 provide evidence for 
biochemical coupling between the lake and the catchment. The Holocene development 
of lakes from initially highly alkaline and very productive through to oligotrophic waters, is 
controlled by changes in catchment soils and vegetation which have a first order control 
on the water chemistry and nutrient availability (Crocker and Major 1955, Jacobson and 
Birks 1980, Engstrom and Fritz 1988, Fritz and Engstrom 1995, and Engstrom et al., 
2000); ultimately driving biological production. In the early stages of development, the 
raw and un-vegetated catchment releases large quantities of sediments that are rich in 
base cations and nutrients. The presence of these sediments in the lake makes the 
water more alkaline, raising the pH, acting as a source for elevated production.  When 
the catchment vegetation and soils begin to develop, trapping nutrients and leading to 
the inwash of humic acids (as DOC), production falls, alkalinity declines and, unless a 
threshold is passed climatically, long-term oligotrophication continues throughout the 
Holocene (Round, 1961, Pennington et al., 1972, Fredskild 1983a, Whitehead et al., 
1989, Ford 1990, Engstrom et al., 2000, Engstrom and Fritz 2006, Birks and Birks 2006). 
The trends and long-term relationships between Holocene production and lake alkalinity 
are indicative of biochemical coupling between the lake waters and the surrounding 
catchment, which has been associated as the main driver for lake ontogeny in boreal 
lakes (Engstrom et al., 2000, Engstrom and Fritz 2006). 
 
OMAR reflects within lake production; as demonstrated by significant positive 
correlations between OMAR, production (PCA axis 1) and alkalinity (r = 0.79 and 0.66, 
respectively). Organic matter in lake sediment records can be derived from 
allochthonous processes and the inwash of organic rich sediments from a productive 
catchment, or by the production of organic matter within a lake, usually by the production 
of biological organisms. The lack of any significant correlation between OMAR and MAR 
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and the relationship demonstrated in Figure 5.11, suggests that the OMAR is not derived 
from allochthonous sources in the catchment, but reflects within lake production. Given 
the close relationship between OMAR, production and alkalinity it is suggested that, 
OMAR is recording lake production rather than climate at AT1. Lake production is 
coupled with catchment processes, which may be indirectly correlated to climate.  
 
Figure 5.11 The strong correlation between PCA 1 with OMAR (r = 0.79) and DI-alkalinity (r = 0.66) at 
AT1 demonstrating AT1 supporting the interpretation of OMAR as autochthonous within lake 
production. Black line in both diagrams is PCA 1, the red line OMAR and the blue line DI=alkalinity  
 
 
Abrupt transitions occur in alkalinity, production and OMAR between 6000-7000 cal. 
years BP. Specifically, it appears that major changes occurred in the biological proxies 
at ca. 7000 cal. years BP (Figure 5.9), whereas the sedimentological parameters do not 
record a large-scale change until ca. 6000 cal. years BP.  At 7000 cal. years BP the 
decline in alkalinity slows and production (PCA axis 1 and OMAR) declines abruptly at 
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6000 cal. years BP (Figure 5.9), marking the onset of progressive oligotrophication. 
These changes in the proxies indicate that a significant change or threshold has been 
passed, either within the lake or in the catchment. Such events are usually triggered by 
climatic changes. For example, in south western Greenland at the inland lake (SS2) the 
ecology (diatoms and cladocera) and production (sedimentary pigments) of the lake 
change simultaneously with a decline in alkalinity, and more oligotrophic conditions at 
approximately 6500 cal. years BP.  This transition at 6500 cal. year BP is due to the 
arrival of Betula in the catchment which, representing a significant change in the 
landscape in south western Greenland (Fredskild and RÖen 1982, Bennike 2000), leads 
to the sequestration of available nutrients in the catchment, reducing the availability of 
nutrients that can be transferred to the lake for production (Fredskild 1977, 1983b). Prior 
to this at ~7600 cal. years BP the diatom assemblage shifted to predominantly benthic 
diatom species indicating that nutrient decline had begun prior to the arrival of Betula, or 
that some other factor had changed in the system, such as increased light availability to 
the benthos. Similarly, at lake SFL4 located near to the present day ice-margin, the 
switch to a benthic and oligotrophic system, as indicated by the diatoms, occurred at 
6500 cal. years BP (Willemse 2002). Conversely, palynological evidence from the same 
region, suggests that the most intense oligotrophication took place after the HTM and 
coincided with the neoglacial at 4000 cal. years BP (Fredskild 1985), and that the extent 
of oligotrophication was more pronounced in lakes with barren rock catchments than 
those with glacial tills (Fredskild 1983a). 
 
Little is known about Holocene climate at the coastal region and macrofossil evidence 
largely suggests that climate was relatively stable after deglaciation. There is however 
macrofossil and geochemical evidence to suggest that the coastal region was warmer 
and more arid until ca. 6000 cal. years BP. After which, climate became wetter and 
cooler (Wagner and Bennike 2012). Given the large and often rapid change in the 
proxies at AT1 (Figure 5.9) between 7000-6000 cal. year BP, it is proposed that a large 
scale climatic change occurred in the coastal region at this time, marking climatic 
deterioration in the region and a cooler and wetter climate. The cooling initiated 
vegetation die back and probably a return to tundra in the catchment, trapping already 
low quantities of nutrients in the ground. The shift to tundra and largely frozen conditions 
in the catchment resulted in the loss of hydrologically transferred allochthonous nutrients 
and sediments leading to a decline in production, OMAR and alkalinity in the lake 
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(Anderson et al., 2012). The onset of progressive oligotrophication at AT1 (~6000 cal. 
years BP) is comparable to other lakes in the region (e.g., Willemse 2002) but the timing 
and magnitude is likely to be dictated by catchment specific characteristics. It is difficult 
to suggest why biological changes occurred approximately 1000 cal. years prior to 
sedimentological changes that indicate large-scale climate mediated changes in the AT1 
catchment. However, these results may indicate differences in the thresholds between 
the biological proxies and the catchment when exposed to the same climate forcing.  
 
A rapid increase in the UVR pigment index occurs at ca. 6000 cal. years BP (Figure 5.9), 
concomitant with the declines in alkalinity, production and OMAR, outlined above. The 
increase in UVR is synchronous with an increase in the proportion of benthic diatoms, 
marking a transition to greater levels of water transparency. UVR pigments which are 
produced by benthic organisms as a photoprotectant from the damaging effects of UV 
light. This only occurs when lake water clarity improves enabling the penetration of light 
to the bottom of the lake, usually in the absence of DOC (Leavitt et al., 1997, Leavitt et 
al., 2003, Hodgson et al., 2004). It is suggested that the onset of cooling in the region at 
approximately 6000 cal. years BP led to cooler and drier conditions in the catchment, 
resulting in vegetation die back and reduced hydrological activity. Coupled with this was 
a decline in production and transfer of DOC and sediments into the lake, resulting in a 
significant improvement of water clarity and facilitating the development of a benthic lake 
system in concert with oligotrophic conditions. Oligotrophic Arctic lakes are commonly 
transparent due to the limited vegetation development in the catchments, which 
produces little if any DOC (Vincent and Hobbie 2000), and benthic diatoms are not 
limited by nutrients as planktonic species are (BjÖrk and Rumberg 1983, Bonilla et al., 
2005). The catchment changes initiated by neoglacial cooling at AT1 resulted in a 
decline in biological production and OMAR and an improvement in water clarity, 
facilitating the shift to a predominantly benthic diatom system.  
 
The trends in the occurrence of the Cyclotella spp, Cyclotella stelligera and Cyclotella 
comensis rossii ocellata complex, highlight interesting differences in the auto-ecology of 
the two species. Cyclotella stelligera complex occurs in its largest abundances when 
lake alkalinity and nutrients were higher, prior to oligotrophication ca. 6000 cal. years 
BP. Conversely, Cyclotella comensis rossii ocellata complex is only present in AT1 after 
the onset of progressive oligotrophication at approximately 7000 cal. years BP, and 
138 
 
disappears at approximately 1500 cal. years BP. These two contrasting trends in the 
Cyclotella species indicate that Cyclotella stelligera complex prospers in alkaline nutrient 
rich waters, whereas Cyclotella comensis rossii ocellata favours more oligotrophic 
conditions. Interestingly, the two species have been assigned to different autoecologies 
in different settings. For example, in a coastal lake in eastern Greenland (Cremer et al., 
2001a) the early Holocene sediments identified a similar shift from Cyclotella stelligera to 
Cyclotella comensis rossii ocellata in the mid Holocene (ca. 5500 cal. years BP), which 
is interpreted as an alkaliphilous species. Conversely, another study by Cremer and 
Wagner (2004) suggests that Cyclotella stelligera is an alkaliphilous species. However, 
its interpretation based on water alkalinity should be viewed with caution, because at 
lake AT4 the species occurs alongside Cyclotella comensis rossii ocellata and is thought 
to be responding to an increase in nutrients despite acidic waters in the lake (Chapter 6). 
Cyclotella stelligera therefore maybe strongly influenced by nutrients, which are 
generally associated with the early post glacial period in lake ontogeny. Therefore, any 
interpretation of Cyclotella stelligera must be viewed carefully. Similarly, Increases in the 
abundance of Cyclotella comensis rossii ocellata complex have been ascribed to 
warming temperatures (WeckstrÖm et al., 1997b, Pienitz et al., 1995, WÜnsman et al., 
1995, Findlay et al., 1998, Pienitz et al., 1999, Schmidt et al., 2004) oligotrophication 
(Sabater and Howarth 1995), and eutrophic or improved nutrient conditions (Anderson 
1997, Cremer et al., 2001a).  However, some Arctic studies have associated Cyclotella 
comensis rossii ocellata complex with ultraoligotrophication (Cremer and Wagner 2004), 
or oligotrophic waters and low DIC levels (Joynt and Wolfe 2001, RÜhland et al., 2003), 
complementing the findings at lake AT1.  
 
MAR and the allochthonous elements Ti and Ca, are significantly negatively correlated 
to GRIP temperature (Appendix 4, Table 4.1).Ti is a proxy for hydrological inwash events 
and catchment erosion, similarly, Ca is an indicator of catchment erosion and 
degradation (Mackereth 1966, Cohen 2003, Haberzettlet et al., 2007, Olsen et al., 2010). 
These correlations indicate that episodes of climatic deterioration result in vegetation die 
back, catchment degradation by erosional and weathering processes, resulting in the 
inwash of minerogenic sediments and Ti and Ca. As temperatures increase, catchment 
vegetation and soils become more stable and less erosional episodes occur, resulting in 
less minerogenic sediments being washed into the lake.  It is proposed that the 
relationship between Ti and Ca inwash events and GRIP at AT1 are reflecting both the 
139 
 
long-term trends in the Holocene temperature and possibly short-lived cold snaps of 
climatic deterioration.  
 
Changes in the biological proxies at during the last 1000 cal. years BP indicate 
significant reorganisation in the lake which may be related to the LIA and MWP (Figure 
5.5, Figure 5.6 and Figure 5.10). At ca. 1000 and 500 cal. years BP the proportion of 
benthic diatoms dramatically declined. Both of these episodes are concomitant with the 
maximum occurrences of Tabelleria flocculosa, a decline to very low values of Fragilaria 
brevistriata, Fragilaria pseudoconstruens, Navicula leavissima, and noticeable increase 
in Fragilaria pinnata prior to the 500 cal. year event. Aulacoseira lirata var. alpigena and 
Aulacoseira lirata only occur at AT1 from ca. 1300 and 1000 cal. years BP and 
disappear at 200 cal. years BP. Maximum occurrences of the pigments echinenone 
(cyanobacteria) and bacteriochlorophyll a for approximately the last 1000 cal. years 
indicate anoxic conditions in the lake, which can form under periods of prolonged ice 
cover or conditions of high water transparency (Figure 5.6). It is proposed that these 
biological shifts in the diatoms and pigments are the response to the onset of colder 
conditions during the LIA at AT1; resulting in a period of prolonged ice cover, loss of 
benthic species i.e., Fragilaria brevistriata, due to the loss in light availability and a shift 
to more planktonic, acidophilous diatoms such as Aulacoseira lirata var. alpigena, 
Aulacoseira lirata, and Taballeria flocculosa.  Aulacoseira lirata has been associated 
with cold periods (WeckstrÖm et al., 1997b) and low lake water pH as a result of 
prolonged periods of photosynthesis under ice causing increased pco2
  (Wolfe and 
Hartling 1996, Joynt and Wolfe 2001). Aulacoseira lirata is a poor competitor with high 
silica demands, and flourishes under cold ultraoligotrophic conditions when it can readily 
out-compete other species (Michellutti et al., 2007). The high silica demands of 
Aulacoseria lirata are met by enhanced erosional delivery of silica during times of 
climatic deterioration (Smol 1988, Wolfe 1994). The presence of both Aulacoseira spp 
and Cyclotella stelligera during the last 1000 cal. years also indicates that climatic 
deterioration and weathering led to a nutrient and silica pulse into the lake, which 
facilitated the presence of these species. Whilst the environmental and climatic changes 
associated with the LIA are not clearly demonstrated in the alkalinity and production of 
the lake, distinct changes occur in the diatom and pigment assemblages, demonstrating 
that small scale climate perturbations do not always fully manifest themselves in all 
sedimentary proxies. 
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5.9 The role of climate in determining the ontogeny trends of lake AT1 
The postglacial period (10,000 - ~9500 cal. years BP)  
The early stages of ontogeny at AT1 are characteristic of other lakes in deglaciated 
terrain (Engstrom and Fritz 1988, Renberg 1990, Fritz and Engstrom 1995, Fritz et al., 
2004) and in south-western Greenland (Anderson et al., 2008, Heggen et al., 2010) and 
are associated with large quantities of base-rich sediments and nutrients entering the 
lake from the barren catchment. At AT1, high levels of minerogenic inwash occurred until 
9500 cal. years BP at generally the same time as maximum DI-alkalinity (9800-9200 cal. 
years BP). Production was only moderately high at this stage and peak production did 
not occur until the peak of the HTM at ca. 8000 - 7000 cal. years BP (Figure 5.12). 
These results suggest that the period of maximum DI-alkalinity is largely the result of the 
inwash of base-rich allochthonous sediment, not biological production at this time. The 
large quantities of sediment entering the lake at this time, coupled with the gradual 
development and stabilization of DOC producing soils and vegetation in the catchment 
resulted in poor water clarity (no UVR) and a dominance of benthic diatom species that 
are adapted to turbid and highly alkaline waters (Figure 5.12). Climatic amelioration 
occurred as the post glacial period progressed and was probably associated with the 
establishment of soils and vegetation and perhaps lake level lowering. These results 
suggest that the early stages of ontogeny at AT1 were the result of catchment processes 
set in motion by glacial retreat and later by climate. 
The peak of the HTM (7000 - 6500 cal. years BP)  
The peak of the HTM was characterized by moderately high DI-alkalinity relative to the 
post glacial period and the maximum period of biological production in the lakes history 
(Figure 5.9). At AT1, the period of peak production lasted from ~ 8000-7000 cal. years 
BP and it is assumed, given the long-term decline in production after ca. 7000 cal. years 
BP, that this marks the biological response of AT1 to the peak of the HTM. It is 
suggested that the peak of the HTM was climatically similar in character to the inland 
lakes at this time, and was warm and arid (Wagner and Bennike 2102). It is proposed 
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Figure 5.12 The impact of changing climate on the ontogeny of lake AT1 See Figure 5.13 for a key 
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that this warmer and drier climate surpassed ecological boundaries in the lake and the 
catchment and elevated lake production. Catchment vegetation and soils that had been 
slowly establishing at AT1 probably reached their maximum extent before the HTM, and 
were possibly inhibited by the aridity at this time. Coupled with this would have been 
higher availability of DOC and rates of decomposition and nutrient cycling, but their 
production and delivery was probably limited by the aridity of the peak of the HTM 
climate. It is proposed that during the peak of the HTM at AT1, climate had a direct 
impact upon lake ontogeny and specifically production (Figure 5.12). Specifically, the 
warmer temperatures and aridity of the peak of the HTM increased the ice-free season 
increasing the biologically productive period in the lake. It is also proposed that the arid 
climate was also associated with lake level lowering, which increased the proportion of 
benthic habitats and increased light penetration into the lake therefore increasing 
photosynthesis (Figure 5.12). The large quantity of nutrients that were present in the 
lake from the inwash of allochthonous sediments in the early Holocene could then be 
fully utilized by the lake organisms as light availability improved, facilitating an increase 
in photosynthesis (previously light availability was low because of prolonged ice cover 
and water turbidity associated with the developing catchment). These results 
demonstrate that under certain conditions climate can directly affect lake ontogeny. AT1 
could be viewed as an analogue for a high Arctic lake.  
The late HTM (6500 - 4000 cal. years BP) and the neoglacial (4000 - 1500 cal. 
years BP) 
A rapid decline in production and DI-alkalinity occurred at ~ 6000 cal. years BP, after 
which DI-alkalinity declined very slowly and demonstrated little change. However, 
production (PCA 1 and OMAR) also declined slowly but became more variable after 
4000 cal. years BP (Figure 5.9). This period is thought to mark the onset of progressive 
oligotrophication at AT1 Initiated by a cooler and wetter climate after the peak of the 
HTM. It is proposed that climate became cooler and wetter at 6000 cal. years BP 
(Wagner and Bennike 2012), initiating a return to tundra at AT1 (also affected by 
microclimate and altitude) which bound up any remaining nutrients in the catchment. The 
cooler climate resulted in water in the catchment existing largely in a frozen state, 
possibly even during the summer months, and restricted the transport of limited 
quantities of nutrients, DOC and sediments into the lake (Figure 5.12). Coupled with a 
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decline in biological production, an extension of the period of ice-cover on the lake would 
have acted to reduce water alkalinity because of a decline in the photosynthetic 
drawdown of CO2  (Wolfe 2002). A decline in lake water alkalinity in a catchment on 
acidic granitic bedrock, with low acid neutralizing capacity, can significantly reduce lake 
water pH (Wolfe 2002). Water clarity increased at ca. 6000 cal. years BP reflecting that 
the catchment had reverted to tundra and any allochthonous inputs into the lake had 
ceased. The switch to a predominantly acidiophilous benthic system at 6000 cal. years 
BP indicates an improvement in water clarity and a decline in nutrients as demonstrated 
by the loss of alkaliphilous Cyclotella stelligeria (Figure 5.9 and Figure 5.12)  
 
There is little evidence for biological or chemical change in the lake when climate 
became colder and wetter during the neoglacial at ~ 4000 cal. years BP (Figure 5.9). 
The absence of any change is thought to reflect the microclimate of the lake. As a higher 
altitude lake it is generally cooler and wetter, conditions which buffered it from some 
climate changes. Specifically, the decline in temperature and increase in precipitation at 
the end of the peak of the HTM (~6000 cal. years BP) were sufficient to cause significant 
ecological change in the lake and the catchment. Consequently, the changes in climate 
associated with the neoglacial were not significantly great enough to cause any change 
in the catchment or push ecological thresholds further, therefore the neoglacial is not 
reflected in the proxies and parameters of AT1.  
The last 1500 cal. years of lake development 
During the last 1500 cal. years of lake development at AT1, DI alkalinity and production 
remained at levels comparable to the last 4500 cal. years (Figure 5.9). However, at 1000 
and 500 cal. years BP dramatic changes occurred in the diatom and pigment 
assemblages that are indicative of cold temperatures, prolonged periods of ice-cover, 
anoxia and decreasingly alkaline waters (Figure 5.4). These changes are thought to 
reflect ecological changes in response to the LIA cooling event. It is interesting that 
neoglacial cooling did not cause significant ecological re-organisation in the lake, but the 
LIA did, suggesting that certain thresholds were surpassed in the lake. It is proposed 
that during the last 1500 cal. years BP of lake development at AT1, that climate was 
temporarily much colder and possibly drier than any other time during the Holocene, and 
directly modified lake ecology. Little change occurred in the catchment which was still  
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Figure 5.13 The last 1500 cal. years of lake development at AT1 and the key for Figures 5.11 and 5.12 
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covered by tundra, frozen and unable to export any available nutrients of DOC to the lake 
(Figure 5.13). This evidence reflects that under certain conditions climate forcing can be 
pervasive enough to breach ecological thresholds in lakes directly, causing significant 
ecological change, independent of climate mediated catchment changes. 
5.10 Summary of Results 
 
 Alkalinity gradually declines throughout the Holocene at AT1 from approximately 
7000 cal. years BP, a trend that has been interpreted as marking progressive 
oligotrophication. The trends in oligotrophication at AT1 are synonymous with 
Holocene ontogeny trends identified from other Arctic and boreal lakes. 
 Alkalinity is positively correlated with production (PCA axis 1) and OMAR throughout 
the Holocene, suggesting that alkalinity has a strong control over lake production at 
AT1 and that there is a high degree of biochemical coupling between the catchment 
and the lake. However, early Holocene maximum values  
in alkalinity and production are not synchronous and maximum production lags 
behind maximum alkalinity by approximately 1000 years. This is thought to relate to 
the poor water clarity of the lake in the early Holocene and the cooler conditions prior 
to the peak of the HTM. 
 OMAR and production are positively correlated throughout the Holocene suggesting 
that organic matter is largely derived from within lake production not allochthonous 
sources. Therefore, OMAR can be used as a proxy for lake production at AT1. 
 GRIP temperatures are negatively correlated to the allochthonous elements, 
suggesting that climatic deterioration results in catchment degradation through 
weathering and erosional processes, leading to the inwash of nutrients and elements 
into the lake. The presence of these elements leads to an increase in lake production 
and it can be postulated that climate plays an indirect role in modifying lake 
production at AT1, by initially modifying the catchment which then impacts upon lake 
production.  
 Distinct changes occurred in all proxies at between 7000 - 6000 cal. years BP, 
marking the onset of progressive oligotrophication and the switch to a predominantly 
benthic system. This dramatic change is thought to have been triggered by climate-
mediated catchment changes, and the onset of colder and wetter conditions, which 
caused ecological thresholds to be surpassed  
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 Specifically, the biological proxies demonstrate large-scale change at ca. 7000 cal. 
years BP, whereas the sedimentological parameters reflect large-scale changes a 
thousand years later at ca. 6000 cal. years BP. 
 Distinct reorganization of the biological proxies occurred during the last 1000 cal. 
years BP of lake formation. These dramatic changes have been associated to the 
period of regional climatic cooling the LIA. 
 The occurrences of the diatom species Cyclotella rossii in the mid Holocene and 
Cyclotella stelligera in the early Holocene are associated with different alkalinities in 
the lake and nutrient levels in the lake. These findings support research which 
suggests that Cyclotella rossii is an acidophilous species that requires moderate 
depth mixing regimes and light availability, whereas, Cyclotella stelligera is an 
alkaliphilous species that prefers a shallower mixing regime and photic zone, and 
high availability of nutrients.  
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Chapter 6 : Interpretation and discussion of results for lake 
AT4 
 
6.1 Introduction 
This chapter presents the results of the sediment proxies analysed from AT4. The lithology, 
chronology and age-depth model are presented first, followed by the sedimentary 
parameters, and then the pigment and diatom data. The key trends from the proxies are 
described in Section 6.7, and discussed in relation to Holocene lake ontogeny at AT4 in 
Section 6.8. A final section highlights how climate during established episodes (the HTM, 
neoglacial and last 1500 cal. years) may have influenced lake ontogeny in south-western 
Greenland.  
6.2 Core lithology 
The details of the AT4 core lithology are summarized below in Figure 6.1. The full core 
sequence comprises lacustrine gyttja with occurrences of clay bands, fine white laminations, 
organic matter and mosses at various parts of the core. The colour of the sediment 
progressively changed from dark brown to olive throughout the core. Two clay bands 
characterized the base of the core at 10,400 and 10,100 cal. years BP and again at ca. 9000 
cal. years BP.  A sand band dominated the core between 6500 - 5500 cal. years BP.  Moss 
layers were present at ~ 6000 and 4500 cal. years BP.  Finely laminated white to brown and 
orange sediments occurred at ~ 4100, 3600 and 3200 cal. years BP.  Organic sediments 
characterized the core at ~ 2000 cal. years BP and more moss occurred at ca. 1200 cal. 
years BP.  
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Figure 6.1 The lithology of the core taken from lake AT4 and key for symbols. The diagram indicates key 
sedimentary and colour changes. 
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6.3 Chronology and Age-Depth Model 
The chronology for AT4 (Figure 6.2) is based upon seven 14C dates, comprises six bulk 
(gytjja) samples and a macrofossil (woody remains). For details of the methodology used for 
AMS dating and creation of the age-depth model, see Chapter 2. Plant remains are 
preferable to dating bulk sediments when constraining chronologies because they reflect the 
contemporaneous 14C levels at the time of deposition (Bowman 1990). Bulk age samples 
often produce high offsets because they comprise a heterogenous mix of sediments in both 
age and composition, and in Arctic lakes low sedimentation rates and the input of older 
carbon in the form of DIC derived from carbonates from catchment geology or glacial till can 
make the sample appear older than it actually is (Child and Werner 1999, BjÖrk and 
Wohlfarth, 2001).This is reflected in the younger dates for the macrofossils in Table 6.1. To 
estimate offsets, the bulk sample 14C date was paired with the macrofossil to derive an 
offset, which was calculated to be 468±52 14C years for AT4, and used to correct the age-
depth model.  
 
 
Figure 6.2 The age-depth model for lake AT4 based upon the chronology of AMS 
14
C dates. The model 
was created by Jesper Olsen of Queens University, Belfast. The yellow features are the bulk calibrated 
dates, the purple features are the corrected bulk dates and the green features represent plant 
macrofossils. The central darker green line represents ages based upon the age-depth model and the 
lighter green lines represent the error for each date calculated from the age-depth model.  
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Table 6.1 Details of the samples used to obtain the 
14
C chronology by AMS dating for lake AT4, upon 
which the age-depth model was based 
Sample 
code 
Material Lab 
number 
Depth 
(cm) 
14
C Age 
(BP) 
Calibrated 
age (years 
BP) 

13
C (‰ 
VPDB)
Age-depth 
model age 
(years BP) 
AT4-4-2 BULK SUERC-
26438 
5 1555± 37 1457±48 -32 956±37 
AT4-4 37 BULK SUERC-
32425 
40 2671±37 2797±33 -29.2 2260±37 
AT4-4 67 BULK SUERC-
32426 
70 4103±37 4667±110 -29.2 3913±37 
AT4-4 87  BULK SUERC-
17765 
90 4546 ± 
36 
5197±100 -30.2 4747±36 
AT4-4 87  WOOD SUERC-
17766 
90 4078 ± 
38 
4647±120 -28.6 4747±36 
AT4-3 40 BULK SUERC-
32427 
127.5 8135±36 9074±43 -33.2 8537±36 
AT4-3-
156 
BULK SUERC-
26439 
142.4 9624± 40 10,985±131 -32.5 10471±40 
 
 
The age-depth model produced a maximum age of ~10,330 cal. years BP for the basal 
sediments, which is comparable with the timing of deglaciation at the coast (van Tatenhove 
et al., 1996, Bennike et al., 2011). For the first 5000 cal. years at AT4, the age depth model 
suggests that sedimentation rates were approximately 0.005 g cm-2 yr -1. After ca. 5000 cal. 
years BP sedimentation rates increased, although not constantly. The DMAR presented in 
Figure 6.3, suggests that sedimentation rates were highly variable at AT4, indicating that 
parts of the age-depth model may not be accurately modeled. 
 
6.4 AT4 Physical parameters 
Physical parameters were measured on the AT4 core (Figure 6.3) at 1 cm resolution (a total 
of 157 contiguous samples) for organic content (%), minerogenic content (%), and dry/wet 
mass. With the exception of the top 16 cm of the core (see Chapter 3), 141 samples were 
used to calculate the organic matter accumulation rate (OMAR) and minerogenic 
accumulation rate (MAR) for the core profile. The elements Ca and Ti are presented from the 
XRF dataset, except for the kajak core samples, which were not processed. The main trends 
characterizing the zones determined by optimal splitting (Chapter 3, Section 3.6.1) are 
described in the section below.  
Zone AT4-S-A (10300 - 9700 cal. yrs BP) 
The characteristic features of Zone AT4-S-A were high sedimentary accumulation rates at 
the beginning of the zone, followed by a rapid decline at ca. 10,000 cal. years BP, and then  
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Figure 6.3 The physical parameters of lake AT4, and Ti and Ca (peak area) from the XRF data. Zones defined by optimal splitting. 
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an increase again to ca. 9600 cal. years BP (Figure 6.3). For example, MAR’s were initially ~ 
1.3 g cm-2 yr -1, which rapidly declined to ~ 0.5 g cm-2 yr -1 at 10,000 cal. years BP, followed 
by a small-scale increase to 0.75 at ca. 9800 cal. years BP. The zone was dominated by 
minerogenic sediments, < 98%, and the lowest proportion of organic matter that occurred in 
the core of approximately 2 - 8%.  The maximum proportion of dry weight sediment was 
demonstrated early in the zone (~78%) which rapidly declined (~ 50%), and wet weight 
gradually increased from its lowest values (~ 30%) throughout the zone. Both Ca and Ti 
declined from high to relatively low values (peak area) during Zone AT4-S-A. 
Zone AT4-S-B (9700 - 4500 cal. yrs BP) 
Zone AT4-S-B was characterised by highly variable sediment accumulation rates, bulk 
densities and dry and wet weights (Figure 6.3). OMAR remained low throughout the zone, 
demonstrated low levels of variability, and rapidly increased towards the end of the zone at 
approximately 5000 cal. years BP.  Two distinct episodes of elevated DMAR occurred at ca. 
8300 and 5500 cal. years BP. However, similar peaks in OMAR corresponding to these 
episodes were not seen. Large proportions of minerogenic sediment, approximately 68 - 
94%, comprised the sediment record during the zone. The maximum proportion of organic 
content in the core, of 31%, occurred between ca. 9000 - 8300 cal. yrs BP, and was followed 
by lower, (~ 16%), and more variable values. Ca and Ti both fluctuated between high and 
low counts. Ca demonstrated high quantities (peak area) at ca. 8300, 7500 and 5500 cal. 
years BP, and Ti at 9500, 8500, and with distinct maximum occurrence of approximately 200 
at ca. 6000 cal. years BP. 
Zone AT4-S-C (4500 - 3900 cal. yrs BP) 
Zone AT4-S-C was a short lived sedimentological zone lasting approximately 500 years from 
4000 - 4500 cal. years BP (Figure 6.3). The key features of the zone were the highest 
DMAR, bulk densities, and wet weights of the core profile. DMAR reached maximum 
quantities (0.032 g cm-2 yr -1), as did dry weight (67 %), bulk density (1.4 g cm3), and MAR 
(1.325 g cm-2 yr -1). OMAR did not increase during the zone, nor did they demonstrate the 
same trends present in the other sedimentary parameters. The second largest proportion of 
minerogenic sediments in the core (96%) occurred, which was mirrored by the lowest input 
of organics in the core, at approximately 4%. The maximum quantity of Ca (peak area), of 
approximately 400, occurred during Zone AT4-S-C. Conversely, the lowest quantity of Ti 
(approximately 40) occurred during the zone.  
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Zone AT4-S-D (3900 - 970 cal. yrs BP) 
Zone AT4-S-D was characterised initially by a rapid decline and followed by high levels of 
variability in DMAR, MAR, bulk density and dry weight (Figure 6.3). For example, DMAR 
declined on average to moderately high levels of 0.01 g cm-2 yr -1. OMAR gradually 
increased throughout the zone, to 0.002 g cm-2 yr -1, marking the highest organic flux rates in 
the core. Moderately high and largely variable proportions of minerogenic sediment (> 90%) 
characterised the zone. Trends and quantities of Ca were comparable to Zone AT4-S-B and 
Ti counts increased to some of the highest in the core, of ~ 210.  
Zone AT4-S-E (970 - 0 cal. yrs BP) 
It was not possible to determine most of the sedimentary parameters for the top zone 
because the kajak was not sampled volumetrically or analysed for XRF. However, the 
organic (%), minerogenic (%)  and carbonate content (%) of the zone was characterized by 
proportions comparable to Zone AT4-S-D, until ca. 500 cal. years BP, when the 
minerogrenic content rapidly declined to ~70 % and the organic content rapidly increased to 
the highest in the core of ~ 32 % (Figure 6.3).   
 
6.5 AT4 Diatoms  
Diatoms were counted approximately every 2 cm from the AT4 core providing an 
approximate resolution of one slide every 100 -120 cal. years. A total of 276 different taxa, 
covering 26 genera, were identified. The results from the diatoms counts and the associated 
parameters, such as F-index and diatom concentrations, are presented in Figure 6.4 and 
Figure 6.5, respectively. 
Zone AT4D-A (10,300 - 9800 cal. years BP) 
A progressive transition from a dominance of Fragilaria pseudoconstruens (90%), followed 
by a switch to Fragilaria contruens var. venter (85%) characterized the first 200 years of 
Zone AT4D-A (Figure 6.4), after which Fragilaria pinnata (95%) became the most abundant 
species throughout the zone. Diatom concentrations and diversity were the lowest in the 
core during Zone AT4D-A (6.5 log 106 g and 1 respectively). Throughout Zone AT4D-A, the 
assemblage comprised of benthic diatom species entirely, and towards the end of the  
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Figure 6.4 Relative abundances for diatoms (<5%) from lake AT4 arranged by weighted averaging by abundance of species. DCA axis 1 and 2 scores are presented 
alongside the DI-alkalinity (μeq L
-1
) reconstruction.  
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Figure 6.5 The LOI (%), diatom dissolution (F-index), diatom concentration (log 10
6
 g), species diversity measured by Hill’s N (N2), diatom: chrysophyte cyst ratio 
(%) where the proportion of diatoms is represented by black shading and the proportion of chrysophyte cysts in gray, benthic:planktonic:tychoplanktonic diatom 
ratio (%) where the proportion of benthic diatoms are represented by black shading, planktonic by gray shading and tychoplanktonic by white shading, DCA axes 
1 and 2 sample scores, and the DI-inferred alkalinity (μeq L
-1
) for lake AT4. 
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zone, the proportion of chrysophyte cysts increased to 20%.  DCA axis 1 scores were the 
highest in the entire core. Diatom preservation was good throughout the zone as reflected by 
the high F-index. DI-alkalinity values were high and gradually declined throughout the zone, 
demonstrating average values of approximately 1200 μeq L-1 (Figure 6.5).   
Zone AT4D-B (9800 - 7100 cal. years BP) 
Zone AT4D-B (Figure 6.4) was characterised by the dominance of Fragilaria pinnata (<80%), 
relatively large proportions of Fragilaria pseudoconstruens (<40%) and Fragilaria construens 
var. venter (<40%). Cyclotella rossii comensis ocellata complex and Cyclotella stelligera 
complex occurred for the first time in Zone AT4D-B in low values, of <20% and 10% 
respectively, relative to the rest of the core. Some species occurred for the first time, in low 
abundances, such as Achnanthes pusilla, Achnanthes minutissima, and Fragilaria parasitica. 
Diatom concentration increased rapidly to its maximum extent by 8500 cal. years BP and 
demonstrated high levels of variability, fluctuating between 8.5 and 10 (μeq L-1), with one 
large scale decline occurring between 8500 and 7900 cal. years BP. Diversity slowly 
increased until 8500 cal. years BP where it began to decline before increasing again at 7900 
cal. years BP. The diatom assemblage continued to be dominated by benthic diatoms until 
approximately 8500 cal. years BP, when a short-lived episode of the smallest proportion of 
planktonic species occurred. Between 8500 and 7900 cal. years BP the diatoms returned to 
a predominantly benthic assemblage, before the presence of planktonic species increased. 
DCA axis 1 scores gradually declined at ca. 8500 cal. years BP, before increasing again to 
very high values at ca. 7900 cal. years BP, after which they slowly decreased. DCA axis 2 
scores displayed a rapid decline and then increase at 9100 cal. years BP after which, they 
remained moderately uniform. The highest DI-alkalinity occurred during Zone AT4D-B, 
demonstrated by two maximum increases at ca. 9400 and 8300 to 1600 and 1180 μeq L-1, 
respectively. The F-index was high during the zone suggesting limited dissolution.  
Zone AT4D-C (7100 - 4000 cal. years BP) 
During Zone AT4D-C (Figure 6.4), Fragilaria spp. (e.g., pinnata, pseudoconstruens, and 
construens var. venter) all declined relative to the high proportions of Zones AT4D-A and 
AT4D-B. With the exception of the occasional high proportion of Fragilaria pinnata, the 
dominant species of the zone were Cyclotella rossii comensis ocellata complex (<50%), 
Cyclotella stelligera complex (<20%) and Fragilaria brevistriata (25%). Numerous 
Achnanthes spp. appeared in small quantities (<5%) and Achnanthes suchlandtii occurred 
for the first time. Tabellaria flocculosa appeared for the first time in small quantities and the 
maximum proportions of Thalassiosira weissflogii and Fragilaria parasitica occurred during 
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the zone at 18 and 10%, respectively. The F-index declined to very low levels (low 
dissolution) with a temporary increase to approximately 0.09 between 6000 and 5500 cal. 
years BP.  Diatom concentrations were similar to Zone AT4D-B although experienced two 
large-scale declines at 5500 and 4500 cal. years BP. Diatom diversity slowly increased 
during the zone, also demonstrating a large decline between 5500 and 4500 cal. years BP. 
During Zone AT4D-C, DCA axis 1 scores gradually declined displaying a rapid increase to 
the highest scores in the core at 5500 cal. years BP. This was followed by another dramatic 
increase at ca. 4500 cal. years BP. DI-alkalinity gradually declined throughout the zone from 
approximately 750 - 470 μeq L-1 and DCA axis 2 remained at a level comparable to Zone 
AT4D-B. The F-index was comparative to Zone AT4D-B (Figure 6.5).  
Zone AT4D-D (4000 - 0 cal. years BP) 
A complete shift in the species composition relative to the previous three zones occurred in 
Zone AT4D-D (Figure 6.4). The most prevalent species of Zone AT4D-D were Cyclotella 
comensis rossii complex (<40%) and Cyclotella stelligera complex which doubled in 
proportion, relative to Zone AT4D-C, with values up to 56%. Aulacoseria apligena (<20%), 
Aulacoseira lirata (<16%) and Aulocseira distans (3%) appeared for the first time in the core 
during the zone.  Fragilaria brevistriata was present in moderately high values relative to 
Zone AT4D-C, and Fragilaria exigua occurred in its highest proportions (<15%). All other 
Fragilaria species fell to the lowest proportions present in the core. F-index values gradually 
increased throughout the zone, with the highest F-index occurring at approximately 500 cal. 
years BP, at a value of 0.23. Diatom concentrations remained comparable to the earlier 
zones in the core but demonstrated higher levels of temporal variation. Diatom diversity also 
displayed higher levels of temporal variation with the highest degree of diversity of 25 
occurring at ca. 2500 cal. years BP.  The highest proportion of planktonic and 
tychoplanktonic species of the entire core occurred during zone AT4D-D, at >50 and 10%, 
respectively. Similarly, the proportion of chrysophytes reached their highest percentages 
present in the core, at approximately 20%. DCA axis 1 scores continued to decline to the 
lowest values in the core displaying high variability between 2000 - 1000 cal. years BP. DI-
alkalinity values continued to gradually decline from 470 μeq L-1 at the beginning of the zone 
to 180 μeq L-1  by the end of the zone (Figure 6.5). 
6.6 AT4 Pigments  
The sedimentary pigments were analysed every cm providing a resolution of approximately 
40 -100 cal. years per sample (Figure 6.6). 
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Figure 6.6 Sedimentary pigment concentrations (nmol pigment g
-1 
organic content sediment) and PCA axis 1 and 2 scores for lake AT4. Zones determined by 
optimal splitting. 
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Zone AT4P-A (10,300 - 9200 cal. years BP) 
During Zone AT4P-A total algal production was characterised by two different trends. 
Initially, Chl a concentrations were moderately high, at 230 nmol g-1, before declining 
again to low levels (Figure 6.6). Pheophytin a and β carotene occurred in moderately 
high concentrations, of approximately 230 and 25 nmol g-1. The main trends present in 
the chlorophytes were that Chl b was present in very low concentrations or was absent 
during the zone, and pheophytin b occurred in moderately high concentrations. The 
cyanobacterial pigment canthaxanthin exhibited moderately high concentrations, 
whereas echinenone displayed moderately low concentrations. Alloxanthin, diatoxanthin, 
lutein-zeaxanthin, fucoxanthin and pheophorbide a, all displayed moderately high 
concentrations relative to the rest of the core. Bacteriochlorophyll a was absent from the 
zone and the UVR was low at 10,300 and 9500 cal. years BP during the zone. PCA axis 
1 and 2 scores were moderately high. 
Zone AT4P-B (9200 - 8500 cal. years BP) 
Zone AT4P-B was characterised by the highest concentrations of most pigments. The 
pigments indicative of total algal production demonstrated two different trends (Figure 
6.6). Chl a exhibited the highest concentrations present in the core of 240 nmol g-1,and β 
carotene  also occurred in very high concentrations, of 50 nmol g-1. Conversely, 
pheophytin a exhibited low concentrations relative to the rest of the core profile. The 
cyanobacterial pigments canthaxanthin and echinenone displayed their highest 
concentrations during the zone, of approximately 75 nmol g-1 respectively.  Similarly, Chl 
b and Bacteriochlorophyll a exhibited their highest concentrations in the core, of 130 and 
280 nmol g-1, respectively.  Alloxanthin, diatoxanthin, lutein-zeaxanthin and fucoxanthin 
all demonstrated moderately high concentrations. The UVR index was low throughout 
the core, although occurred in the highest amount at the top of the zone (6). Throughout 
the zone, PCA axis 1 and 2 scores were at the highest in the core. 
Zone AT4P-C (8500 - 6000 cal. years BP) 
With the exception of Chl a, pheophytin a, and β carotene, Zone AT4P-C reflects the 
period of the lowest concentration of most pigments (Figure 6.6). Chl a fell to moderately 
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low concentrations, whereas the concentrations of pheophytin a and β carotene rose to 
some of the highest in the core. Chl b appeared sporadically in very low quantities and 
pheophytin b demonstrated moderately high concentrations and high levels of variability. 
Alloxanthin, diatoxanthin and lutein-zeaxanthin all declined in concentration comparative 
to Zone AT4P-B. The maximum concentrations of diatoxanthin and lutein-zeaxanthin 
occurred at 8200 and 6100 cal. years, of 310 and 350 nmol g-1, respectively. 
Fucoxanthin progressively declined to very low levels throughout the zone, and the UVR 
index occurred in distinct peaks of ~ 10. PCA axis 1 and 2 scores gradually declined 
throughout the zone, and a short-term increase occurred in the PCA axis 1 scores at 
approximately 6100 cal. years BP. 
Zone AT4P-D (6000 - 600 cal. years BP) 
The main characteristic of Zone AT4-D (Figure 6.6) was that all pigments demonstrated 
consistent long-term trends throughout the zone, displaying moderate variability, and 
some pigments demonstrated an increase towards the end of the zone, for example, 
diatoxanthin, pheophytin b, canthaxanthin, pheophytin a, and β carotene. The UVR 
index and bacteriochlorophyll a pigments were absent from the zone. Throughout Zone 
AT4P-D, PCA axis 1 scores continued to decline in Zone AT4P-D, demonstrating high 
levels of variability. PCA axis 2 scores increased slightly for the first 500 years of the 
zone before gradually declining and displaying high levels of variability. 
Zone AT4P-E (600 - 0 cal. years BP) 
Zone AT4P-E (Figure 6.6) was characterized by a gradual increase in most pigments 
throughout the zone. The UVR index and bacteriochlorophyll a were absent from the 
zone. PCA axis 1 scores increased during the zone, whereas PCA axis 2 scores fell to 
the lowest in the core. 
 
6.7 The long-term trends and relationships between the proxies at AT4 
6.7.1 DCA axis 1, alkalinity and production (PCA 1) 
DCA axis 1 accounts for 23.9% of the variance in the fossil diatom data from lake AT4 
and demonstrates the change from initially alkaline to more acidic waters throughout the 
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Holocene (Figure 6.7), which is also reflected in the DI-alkalinity reconstruction (r = 0.86, 
Appendix 4, Table 4.2). Three different stages in the Holocene decline of DCA axis 1 
scores are identified in Figure 6.7. Between 10, 330 and 8500 cal. years BP DCA axis 1 
scores were high, but variable, and declined from approximately 8000 cal. years BP.  
DCA axis 1 scores gradually declined between 6500 - 4250 cal. year BP, when a rapid 
increase occurred, and continued to gradually decline from 4250 - 0 cal. years BP. 
Similarly, DI-alkalinity declined throughout the Holocene at AT4 and was characterized 
by three stages of different rates of alkalinity loss (Figure 6.7). The highest DI-alkalinity 
values occurred between 10,330 - 8000 with a peak of 1600 at ca. 9200 cal. year BP, 
and demonstrated a rapid decline in average alkalinity of 0.14 µeq L-1 yr -1. Between 
8000 - 5500 cal. years BP, alkalinity declined from ~780 - 530 µeq L-1 exhibiting a 
gradual loss in alkalinity of 0.10 µeq L-1 yr -1. After a short-lived increase in alkalinity at 
ca. 5500 cal. years BP alkalinity remained broadly constant declining very slowly by 0.05 
µeq L-1 yr -1until the present day. 
 
The pigment PCA axis 1 accounts for 61 % of the variance in the fossil pigment 
assemblages at lake AT4 and is interpreted as reflecting lake production. Most pigments 
are strongly associated with the first axis, especially diatoxanthin, canthaxanthin and the 
pigments indicative of overall algal production such as β carotene, and Chl a. Periods 
with higher PCA axis 1 scores therefore indicate higher lake production than periods with 
lower scores (Figure 6.6). The Holocene PCA scores indicate a rapid increase in 
production to the highest PCA scores between 10,330 and 8500 cal. years BP, followed 
by a rapid decline to 6500 cal. year BP, and generally uniform values on average up until 
4250 cal. years BP. Between 4250 and 0 cal. years BP, PCA axis 1 scores gradually 
increased. 
 
There are similarities and differences between the long-term and short-term trends for 
DI-alkalinity and the PCA and DCA axis 1 scores at AT4. Both the DCA axis 1 scores 
and the DI-alkalinity reconstruction demonstrate a long-term decline (see Figure 6.7). 
However, there is more short-term variability in the DCA axis 1 scores compared to the 
DI-alkalinity, and the temporary increase in DCA axis 1 scores that occurred at ca. 8500 
cal. years BP is not present in the DI-alkalinity reconstruction. PCA and DCA axis 1 
demonstrate contrasting trends between 10,330 - 8500 and 4250 - 0 cal years BP, and 
162 
 
 
Figure 6.7 The the DI-alkalinity reconstruction (µeq L
-1
),
 
DCA (diatom), and PCA (pigment) axis 1 sample scores, plotted against age (cal. years BP). 
DCA axis 1 reflects assemblage change in relation to alkalinity. Pigment PCA axis 1 reflects within lake production. The red lines on the first three plots 
are the locally weighted lowess smooth values for the three variables. DCA and PCA axis 1 are responsible for 23.9 % and 61 % of the variance in the 
diatom and pigment dataset respectively. The dashed lines represent the key changes in the profiles.
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comparable trends between 8500 - 4250 cal. years BP. For example, when PCA axis 1 
scores rapidly increased to the highest in the profile between 9500 - 8500 cal. years BP, 
DCA axis 1 scores remained broadly constant and only moderately high. Similarly, 
between 4250 and 0 cal. years BP the PCA axis 1 scores gradually increase, whereas 
the DCA axis 1 scores gradually decline.  The highest DI-alkalinity occurred at the base 
of the core profile, with a debatable increase at ca. 9250 cal. years BP. However, the 
PCA axis 1 scores suggest that maximum production did not occur until between ca. 
9250 - 8250 cal. years BP, which contrasts the earlier maximum alkalinity values of  ~ 
10,000 - 9000 cal. years BP. 
6.7.2 The DCA and PCA axis 2 scores  
The AT4 PCA and DCA axis 2 scores demonstrate very different trends throughout the 
Holocene (Figure 6.8). PCA axis 2 accounts for 11.9 % of the variance in the fossil 
diatom assemblages at AT4. The long-term changes in the DCA axis 2 scores (Figure 
6.8) demonstrate that for the first ca. 1000 cal. years PCA axis 2 scores were 
moderately high and rapidly increased to the highest scores in the profile between 9250 
and 8750 cal. years BP, after which they steadily declined until 6500 cal. years BP. For 
the last 6500 cal. years, on average, scores are generally constant with a rapid decrease 
in the last 500 cal. years. DCA axis 2 accounts for 11.9 % of the variance in the fossil 
diatom assemblages at AT4. DCA axis 2 scores rapidly declined from the highest to the 
lowest values between 10,330 - 9250 cal. years BP. Between 9250 - 9000 cal. years BP 
DCA axis 2 scores rapidly increased and remained constant until the top of the core. The 
only similarity between DCA and PCA 2 is the simultaneous rapid change in both profiles 
at ca. 9250 cal. years BP. 
 
The trends in PCA axis 2 track those seen in the proportion of benthic species (Figure 
6.8); both are significantly, positively related (r = 0.74). PCA axis 2 is closely associated 
with UVR pigments and bacteriochlorophyll a (Appendix 4, Table 4.2). Consequently, the 
PCA axis 2 scores are interpreted as reflecting the proportion or production of benthic 
habitats as controlled by light availability; benthic phototrophic communities require 
adequate light availability to develop, and it is likely that these pigments relate to the 
changing availability of light and the related development of phototrophic benthic  
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Figure 6.8 The PCA  2 (11.9%) axis scores (thought to reflect the proportion of benthic diatoms ans may be influenced by water clarity, DOC or 
planktonic production in the water column,  benthic (black):planktonic (gray):tychoplanktonic (white) diatom ratios, the DCA (6.1%) axis 2 scores, MAR 
(g cm
2
 yr
-1
) and the relative abundances of C. rossii comensis ocellata complex  and C. stelligera complex (%). 
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communities. Consequently, when PCA axis 2 scores were the high so too was the 
proportion of benthic algal production. 
 
The trends demonstrated by DCA axis 2 are not comparable to any of the other proxies 
or variables in the dataset. However, DCA axis 2 is strongly associated with planktonic 
diatom species, such as Cyclotella stelligeria and Cyclotella comensis rossii ocellata 
complex, and is significantly positively correlated with planktonic diatoms (Appendix 4, 
Table 4.2). It is suggested that DCA axis 2 may be related to the presence of proportion 
of planktonic diatoms in the lake, or a variable that controls their abundance such as 
water chemistry, nutrients or DOC.  A rapid decline in DCA axis 2 scores from the 
highest to the lowest DCA axis 2 scores present in the profile occurred between 10,200 - 
9250 cal. years BP. After which, the DCA axis 2 scores remained at broadly consistent 
for the rest of the profile.   
6.7.3 Key trends and relationships between production and alkalinity with 
the sedimentary and biological record  
The long-term decline in DI-alkalinity is only comparable to the PCA axis 1 trends 
between approximately 9000 - 3000 cal years BP (Figure 6.7) and the two variables are 
only weakly,  positively correlated demonstrating an r value of 0.36 (Appendix 4, Table 
4.2). This weak correlation between alkalinity and production, both demonstrate 
maximum values and a decline in the early to mid-Holocene, may suggest that there was 
a small level of coupling between the two variables, throughout the Holocene at AT4.  
 
Holocene trends in OMAR and MAR are significantly correlated to DI-alkalinity and 
production (Figure 6.9 and Appendix 4, Table 4.2). DI-alkalinity is weakly negatively 
correlated to OMAR, (r = 0.28), positively correlated to MAR (r = 0.46), and to a lesser 
extent the allochthonous derived element Ca (not significantly correlated to Ti). PCA axis 
1 is significantly negatively correlated to OMAR and MAR (r = 0.27 and 0.29 
respectively) and is not significantly related to the catchment derived elements Ca, and 
Ti. These correlations suggest that DI-alkalinity is influenced by the input of MAR, which 
contains catchment-derived nutrients and elements, such as Ca. Consequently, as the 
input of minerogenic sediment declines throughout the Holocene, so does alkalinity. This 
relationship between alkalinity, MAR and the elements Ca and Ti indicates that alkalinity 
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is influenced, to some extent, by allochthonous inputs. The negative correlation between 
production and OMAR (Figure 6.9 and Appendix 4, Table 4.2) suggests that as 
production declines OMAR increases. Rapid increases in OMAR occur at ca. 4500 cal. 
years BP.  
 
Diatom concentration reflects comparable trends to PCA axis 1 indicating that the 
concentration of diatoms in the lake tracked production throughout the Holocene (Figure 
6.9). However, diatom concentration is not significantly correlated to any of the other 
biological or sedimentary parameters (Appendix 4, Table 4.2). 
6.7.4 Alkalinity, production and the proportion of planktonic and benthic 
diatoms 
Lake alkalinity and production are significantly correlated to the proportion of benthic and 
planktonic diatoms (Figure 6.9 and Appendix 4, Table 4.2). As lake alkalinity and 
production decline so does the proportion of benthic diatoms, relative to planktonic, 
whereas periods of increasing alkalinity and production are associated with increasing 
planktonic species relative to benthic. These trends are reflected in the significant r-
values between alkalinity and production between benthic (r = 0.82 and 0.22 
respectively) and planktonic diatoms (r = -0.77 and -0.24 respectively), and are much 
stronger for alkalinity than production (Appendix 4, Table 2.2). Similarly, the proportion of 
benthic and planktonic diatoms are positively and negatively correlated to OMAR 
respectively (r = 0.48 and -0.46, respectively, Appendix 4, Table 2.2). 
6.7.5 The role of light availability and the dominance of benthic or 
planktonic diatom communities 
Water clarity, or light availability to the benthos, is reflected by the proportion of benthic 
diatoms (%) and the presence of UVR pigments. Throughout the Holocene, the 
proportion of benthic diatoms declined, as planktonic species increased (Figure 6.9). The 
absence of UVR pigments from most of the profile at AT4 suggests that the water clarity 
was possibly poor throughout the Holocene. UVR is positively significantly correlated to 
PCA axis 2, r = 0.40 (Appendix 4, Table 4.2), which is thought to reflect the proportion of 
benthic habitats related to water clarity. The proportion of benthic and planktonic diatoms 
are negatively and positively correlated to DCA axis 2 as a proxy for planktonic species 
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Figure 6.9 The Holocene trends in DI-inferred alkalinity (µeq L
-1
), diatom DCA axis 2, the proportion of benthic (B) (black shading), planktonic (P) (gray 
shading) and tychoplanktonic (T) (white) diatoms, total Fragilaria (%), Cyclotella stelligera and Cyclotella rossii comensis ocellata complex (%), diatom 
concentration (log 10
6
 g), pigment PCA axis 1 and 2 scores, UVR index, OMAR, MAR, Ti (red line) and Ca (black line), and GRIP temperatures (Dahl- 
Jensen et al., 1998). The red lines dashed lines across the diagram mark the large-scale changes that occurred in the biological records at ca. 5000 cal. 
years BP and in the sedimentological parameters at ca. 4500 cal. years BP. The blue shading represents the peak of the HTM as defined by Bennike et 
al., (2010) and the black dashed lines represent the neoglacial (Bennike 2000) and the last 1500 cal. years BP.
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and possibly DOC, r = 0.39 and 0.45, respectively.  Similarly, the proportion of benthic 
and planktonic diatoms are positively and negatively related to PCA axis 2 as a proxy for 
the proportion of benthic assemblages and light availability, r = 0.74 and -0.72 
respectively (Appendix 4, Table 4.2).  
6.7.6 Catchment degradation; evidence for hydrological forcing and 
catchment erosion; the impact upon ontogeny at AT4 
MAR is positively correlated to the elements Ca and Ti as proxies for catchment erosion 
and weathering and hydrological inwash, respectively (Appendix 4, Table 4.2). These 
correlations suggest that high MAR is also associated with the inwash of high quantities 
of nutrient-rich allochthonous sediments. MAR and alkalinity are positively correlated, r = 
0.46, indicating that the inwash of catchment derived elements impact upon lake 
alkalinity. The long-term trends in MAR seem to mirror those of the proportion of benthic 
diatoms (Figure 6.7), and the two variables are positively correlated, r = 0.49 (Appendix 
4, Table 4.2). These correlations between MAR and the proportion of benthic diatom 
species, suggest that periods of elevated inwash and high MAR, lead to an increase in 
the proportion of benthic diatoms relative to planktonic (Figure 6.8). Examples of these 
increases are demonstrated at ca. 8000, 5500, 4500, and 2500 cal. years BP (Figure 
6.7). MAR is also negatively correlated to production (PCA 1), r = -0.29, which may 
suggest that elevated quantities of minerogenic sediments in the water column can 
reduce lake production.  
 
6.7.7 The role of Holocene climate on lake development at AT4  
 
The long-term decline in GRIP temperatures is comparable to the trends in alkalinity, the 
proportion of benthic diatoms, and lake production (PCA axis 1) shown in Figure 6.9. 
These comparable long-term trends may suggest that climate plays a role in indirectly 
determining lake alkalinity, and biological (benthic) production. Specifically, DCA axis 1 
(alkalinity) is positively correlated to GRIP (temperature) implying that the decline in 
temperature impacts upon lake alkalinity, and therefore possibly production and the 
proportion of benthic diatoms. These results may indicate that cooling temperatures lead 
to less weathering and erosion in the catchment and therefore less input of base cations 
and nutrients, which reduces within lake production.  
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6.7.8 The Holocene changes in AT4 diatom assemblages in relation to the 
surface sediment training set lakes and dominant environmental variables  
The AT4 fossil diatom data were plotted passively onto a constrained ordination of the 
surface sediment lakes and three most significant environmental variables in the training 
set (chosen by forward selection and Monte Carlo permutations (1000); see Chapter 4), 
indicating how the lake has changed through time (see Figure 6.10). During the early 
stages of lake development at AT4 (until approximately 7183 cal. years BP), rapid 
changes occurred. Initially, the sample scores at the base of the core (denoted by B in 
Figure 6.10) suggesting that lake water alkalinity was low and comparable to the coastal 
lakes today.  By 7183 cal. years BP, the sample scores had rapidly tracked down the 
location variable, indicating that the lake had rapidly become a very alkaline lake, 
reaching a maximum alkalinity comparable to some of the inland lakes today. By 5443 
cal. years BP, the sample scores rapidly tracked back along the location variable, 
marking the transition to diatom assemblages indicative of oligotrophic waters, 
comparable to the coastal lakes today. From 5443 cal. years BP onwards, the direction 
of the trajectory, infers that water clarity decreased. 
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Figure 6.10 The AT4 Down core changes of the diatom assemblages (red line) plotted passively in a constrained ordination of surface sediment 
environmental space (lakes =coloured circles) with the most statistically significant forward selected variables. The green circles indicate the alkaline 
lakes near to the head of the fjord at Kangerlussuaq, the yellow are the circumneutral lakes, and the blue are the dilute and oligotrophic coastal lakes. 
T denotes the top of the core and B the base. Four dates (in cal. years BP) are presented to indicate the timings of the key shifts in the diatom axis 1 
scores.
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6.8 Discussion  
6.8.1 Evidence for long term oligotrophication at AT4 
The long-term decline in alkalinity and production at AT4, demonstrated in Figure 6.7 
and Figure 6.9, indicates that oligotrophication has occurred at AT4 during the Holocene. 
These trends are comparable to the Holocene ontogeny trajectories from other lakes in 
deglaciated terrain in the Arctic and the boreal zones (Pennington et al., 1972, Battarbee 
1984, Whitehead et al., 1989, Engstrom and Fritz 1988, Renberg 1990, Fritz and 
Engstrom 1995, Wolfe and Hartling 1995), southwestern Greenland (Fredskild, 1977, 
1983a, 1992, Willemse 2002), and at nearby AT1. The long-term trends in 
oligotrophication are comparable to those identified at AT1 in Chapter 5. 
 
There is evidence for biochemical coupling between the catchment, lake waters and 
production at AT4. Throughout the Holocene alkalinity is positively correlated with 
production and MAR, as a proxy for allochthonous sediment inwash (Figure 6.9 and 
Appendix 4, Table 4.2). High levels of biological production can result in more alkaline 
waters (Kelly et al.,1982), but similarly high levels of production require nutrients and 
elements, which are also characteristic of alkaline waters (Schindler 1986). It is 
suggested that these relationships possibly indicate both an allochthonous and 
autochthonous source for alkalinity generation in the early Holocene, and coupling 
between the two variables. For example, the high levels of sediment inwash (MAR) in 
the early Holocene are associated with elevated production and alkaline waters. 
Sediment inwash, alkalinity and production declined during the rest of the Holocene. 
Depending upon the geology of a catchment, the hydrology and topography can lead to 
the inwash of cation rich elements into Arctic lakes which can elevate the alkalinity of 
Arctic and Alpine lakes (Karst-Riddoch et al., 2005a Karst-Riddoch 2005b). These 
correlations suggest biochemical coupling between the catchment geology, soils, 
vegetation and lake alkalinity at AT4, which purportedly plays an important role in 
determining ontogeny trajectories in Arctic and boreal lakes (Crocker and Major 1955, 
Jacobson and Birks 1980, Engstrom and Fritz 1988, Fritz and Engstrom 1995, and 
Engstrom et al., 2000).  
 
172 
 
Short-term increases in MAR throughout the Holocene correlate with increased 
proportions of benthic diatoms, e.g., at 8200, 5500, and 4500 cal. years BP (Figure 6.9 
and Appendix 4, Table 4.2).  These results suggest one of two possible scenarios. 
Firstly, that these short-lived minerogenic sediment inwash events acted to make lake 
waters temporarily more alkaline and decreased water clarity, which reduced the 
proportion of acidophilous planktonic diatoms and increased the proportion of 
alkaliphilous benthic diatoms. However, an increase in allochthonous MAR would be 
expected to reduce the photic zone and result in a decline in benthic species, not an 
increase, because benthic organisms are not limited by nutrients but light (Bjork and 
Rumberg 1983, Bonilla et al., 2005). Consequently, it is suggested that the trends 
between MAR and benthic diatoms at AT4 are the result of planktonic algae, such as 
Cyclotella spp, declining in relative abundance as MAR increases, because water clarity 
declines and temporarily becomes more alkaline. Therefore, benthic, alkaliphilous 
diatom species that can cope with turbid waters, such as Fragilaria pinnata, appear in 
elevated abundances in synchronicity with the elevated MAR events. Further support for 
this argument can be seen in Figure 6.4, where increases in MAR coincide with a 
decline in the dominant planktonic Cyclotella, and other benthic diatoms in the lake. High 
proportions of Fragilaria pinnata have been linked to the early stages of lake 
development and high inputs of minerogenic inwash resulting in turbid and alkaline 
waters at AT1, the nearby lakes SS49, SS32 (Perren et al., 2012), other Arctic lakes 
(Bouchard et al., 2004, Moser et al., 2004, Antoniades et al., 2005, Karst-Riddoch et al., 
2005a Karst-Riddoch 2005b), and shallow deltaic fed lakes (Hall et al., 2003). A second 
suggestion that may explain the trends between the benthic diatoms and MAR, is that 
these episodes reflected periods of prolonged ice-cover, which increase the proportion 
of benthic diatoms relative to planktonic (Douglas and Smol 1993, Douglas and Smol 
1995, Wolfe 1996, Lim 1999, Lotter and Bigler 2000, Sorvari et al., 2002). Allochthonous 
sediment derived from cryonival and freeze thaw processes under colder climates is 
washed into the lake or onto the surface of the ice on the lake, and is rapidly deposited 
in the lake as the ice melts. Concomitant with prolonged ice cover in Arctic lakes and 
high quantities of allochthonous weathered material is an increase in the proportion of 
benthic diatoms related to a decline in light availability and mixing of the epilimnion 
which reduces the presence of planktonic species, and the development of benthic 
habitats when ice-moating occurs in the summer months.  
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Organic matter (OMAR) is derived largely from allochthonous sources (Anderson et al., 
2012) at AT4 and is negatively correlated to production and alkalinity throughout the 
Holocene (Appendix 4, Table 4.2). Alkalinity and production decline throughout the 
Holocene and OMAR remains low until approximately 4500 cal. years BP when it 
dramatically increases (Figure 6.9). Large-scale temporal changes occur in the OMAR 
record at ca. 4500 cal. years BP, coincident with a short-lived increase in MAR and Ca, 
and the transition to a planktonic-dominated system including an increase in the 
presence of Cyclotella stelligeria by approximately 4000 cal. years BP (Figure 6.9). 
These events also coincide with the latter phase of oligotrophication identified at AT4, 
where alkalinity and further alkalinity loss is minimal, and an increase in the proportion of 
chrysophyte cysts relative to diatoms in the lake. These changes in the biological proxies 
and sedimentary parameters reflect a large-scale change in the catchment, which 
impacted upon the lake biota indicating that a significant threshold in the catchment was 
surpassed resulting in widespread catchment degradation and significant ecological 
change (Anderson et al., 2012). Such events are usually triggered by climatic changes 
(see discussion in Chapter 5.8.1), which can lead to whole-scale catchment and 
biological reorganization in high latitude (McGowan et al., 2008) and Arctic lakes 
(Fredskild 1977, Fredskild 1983, Fredskild and RÖen 1982, Bennike 2000, Willemse 
2002). Catchment degradation associated with climatic deterioration has been linked 
with an increase in sedimentation rates from other studies on Arctic lakes (Rubensdotter 
and Rosqvist 2003, Willemse et al., 2003, Andersen et al., 2004, Cockburn and 
Lameroux 2008, McGowan, et al., 2008, Dugan et al., 2009, Olsen et al., 2010, 
Pettersen et al., 2010). It is proposed that these biological and sedimentary changes 
mark the onset of the neoglacial at AT4 (Anderson et al., 2012), the timing is consistent 
with the dates from the inland area (Dahl-Jensen et al. 1998; Hanna & Cappelen 2003). 
At AT4, it is suggested that the well-developed peats that had formed in the steep 
catchment probably became increasingly unstable with the onset of neoglacial cooling, 
and erosion-prone and de-stabilised every summer during the neoglacial, leading to 
elevated quantities of hydrological transported organic matter and possibly DOC into the 
lake (Simpson et al., 2001, Ólafsdóttir and Gudmundsson, 2002, Anderson et al., 2012). 
The input of elevated OMAR was concomitant with a pronounced shift to a more 
acidiophilous planktonic dominated system as ca 4500 cal. years BP. Holocene trends in 
OMAR demonstrated a positive relationship with the proportion of planktonic species 
and the negative relationship with the proportion of benthic species. These relationships 
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indicate that the input of catchment derived OMAR acted to shade out the benthos, 
reducing the proportion of benthic species, increasing the proportion of planktonic 
species. Combined with loss of light to the benthos (where algae are limited by light not 
nutrients), was the periodic infux of nutrients that had previously been trapped in the 
terrestrial soils. This increase of nutrients supports the appearance of Cyclotella 
stelligeria, which was only present at AT1 during the peak of biological production, 
alkalinity and nutrient availability in the post glacial period and has been linked to 
nutrient availability in other studies (e.g., RÜhland et al., 2003). At AT4, OMAR is not a 
proxy for within lake production as it is at AT1, but is an indicator of catchment 
degradation marking the onset of neoglacial cooling at AT4 (Anderson et al., 2012). The 
increased quantities of OMAR are believed to have caused an ecological shift in the 
lake. However, one problem with the suggestion of an allochthonous source for OMAR is 
that MAR does not reflect the same trends, as would be expected. There is, however, a 
short-lived increase in MAR from ca. 4500 - 4000, which may mark the initial disturbance 
in the catchment as the neoglacial began. After which the colder and wetter climate lead 
to the sustained erosion and delivery of OMAR to the lake (Anderson et al., 2012)  
 
An absence of UVR for the majority of the Holocene reflects poor conditions in water 
clarity, which is generally controlled by allochthonous inputs of DOC and OMAR 
(Engstrom and Fritz 1988, Fritz and Engstrom 1995, Leavitt et al., 1997, Leavitt et al., 
1999, and Engstrom et al., 2000). It is proposed that water clarity deteriorated further at 
ca. 4500 cal. years BP when the neoglacial initiated catchment degradation and the 
input of large quantities of OMAR, DOC and possibly previously trapped nutrients from 
the catchment soils into the lake, causing increasingly dystrophic and acidic waters. 
These climate-mediated catchment changes are marked by the decline in the proportion 
of alkaliphilous benthic diatoms at 4500 cal. years BP, such as Fragilaria pinnata, as 
light availability fell and the waters became more oligotrophic. The continued presence 
of the acidophilous planktonic diatom species Cyclotella comensis rossii complex, and 
the introduction of new acidophilous planktonic species Aulacoseira. Aulacoseira spp are 
indicative of cooler temperatures, periods of prolonged ice cover and declining alkalinity 
related to the decline in the photosynthetic drawdown of CO2 under ice (Wolfe 2002). 
The most marked change in the planktonic diatom community during the neoglacial was 
the occurrence of Cyclotella stelligera complex. Cyclotella stelligera requires shallow 
mixing and photic zones (Saros, pers. comm. and Saros et al., 2003), reflecting the poor 
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water clarity and possible DOC at this time, and has been associated with nutrient 
availability, reflecting the inwash of  previously trapped nutrients from the catchment 
soils. At AT1, the presence of Cyclotella stelligera complex is associated with the early 
Holocene maximum in alkalinity and nutrients (Chapter 5). The increasing presence of 
small Cyclotella species has been associated to warmer temperatures, longer ice-free 
periods and increased thermal stratification by many researchers (Smol et al., 2005, 
RÜhland et al., 2008, Winder et al., 2008, Enache et al., 2011). However, it is likely that 
under such conditions there will also be an increase in nutrient availability, which may 
also account for the increased presence of small Cyclotella species. Some heterotrophic 
algal groups, such as chrysophytes, use organic matter and DOC as a means of 
production. As demonstrated in Figure 6.9, the ratio of diatoms to chrysophyte cysts 
declines at ca. 4500 cal. years BP, suggesting an increase in chrysophyte cysts 
concomitant with an increase in OMAR and possibly DOC.   
 
Holocene trends in GRIP are positively correlated to the proportion of benthic diatoms, 
and negatively correlated to the planktonic species Cyclotella (Appendix 4, Table 4.2), 
suggesting that climate plays an indirect role on the proportion of benthic and planktonic 
diatoms during the Holocene at AT4. However, GRIP is not significantly correlated to DI-
alkalinity or production despite comparable declining trends throughout the Holocene 
(Figure 6.9). The proportion of benthic diatoms declines in concert with the general 
cooling trend demonstrated by GRIP, as shown in (Figure 6.9). It has often been 
suggested, that the proportion of benthic Fragilaria speices increases with rising 
temperatures and ice-free periods (Smol, 1983, Perren et al., 2003). However, given that 
benthic diatoms decline at AT4 in relation to declining alkalinity and are replaced more 
planktonic assemblages as temperature cooled during the Holocene, it is not possible 
that regional temperatures had a degree of direct control over the development of the 
benthic diatom community. It is instead proposed, that this relationship between the 
benthic diatom community and GRIP at AT4 may represent some form of indirect 
relationship between climatically controlled catchment processes and within lake 
production. For example, elevated quantities of OMAR, and DOC from approximately 
4500 cal. years BP, which suppresses benthic diatom production, indicating that climate 
plays an indirect role on controlling within lake production at AT4.   
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It is suggested that DCA axis 2 represents diatom response to increasing allochthonous 
DOC input from the catchment at AT4. Evidence for this suggestion comes from the 
relationship of DCA axis 2 with the other variables and proxies at AT4. DCA axis 2 
demonstrates negative correlations with PCA 1, PCA 2 and alkalinity, positive 
correlations with DMAR, OMAR, planktonic diatoms including Cyclotella stelligeria and 
Cyclotella comensis rossii ocellata complex, and GRIP. The dramatic decline in DCA 
axis 2 scores, shown in Figure 6.8, coincides with the simultaneous fall in allochthonous 
DMAR. During this episode, Fragilaria pinnata dominated the assemblage (Figure 6.4), 
which is an alkaliphilous benthic species commonly associated with the early phases of 
lake development (Round 1957, Howarth 1976, Renberg 1990, Smol 1983, Schmidt et 
al., 1990, Douglas et al., 1994) when high quantities of allochthonous minerogenic 
sediment result in turbid waters. This would suggest that between ca. 10,000 - 9250 cal. 
years BP, the catchment was still largely unstable and un-vegetated, resulting in very 
little allochthonous DOC production. The rapid increase in DCA axis 2 scores at ca. 
9250 cal. years BP coincides with the onset of the decline in DI-alkalinity and the 
introduction of Cyclotella rossii comensis ocellata complex. Cyclotella rossii comensis 
ocellata complex has been associated with oligotrophic waters at AT1 (See Chapter 5) 
and an intermediate mixing layer and water clarity depth (Saros, pers. comm. Saros et 
al., 2003), both thought to be related to DOC in the water (See Chapter 5). It is 
suggested that high rates of hydrological flushing, especially during the cooler and 
wetter neoglacial period, prevented DOC levels progressively increasing throughout the 
Holocene at AT4, as is reflected in the uniform DCA axis 2 scores in Figure 6.8.  
 
6.9 The role of climate in determining the ontogeny trends of lake AT4 
The post glacial period (10,300 - 9500 cal. years BP)  
At AT4, the early stages of ontogeny are characteristic of other lakes in deglaciated 
terrain (Engstrom and Fritz 1988, Renberg 1990, Fritz and Engstrom 1995, Fritz et al., 
2004) and in south western Greenland (Anderson et al., 2008, Heggen et al., 2010) and 
are associated with large quantities of base rich sediments and nutrients entering the 
lake from the barren catchment. At AT4, high levels of minerogenic inwash occurred until 
~9,500 cal. years BP when DI-alkalinity and production were only moderately high and 
maximum production did not occur until ca. 9500 - 8000 cal. years BP (Figure 6.9). The 
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large quantities of sediment entering the lake at this time, coupled with the gradual 
development and stabilization of DOC producing soils and vegetation in the catchment 
resulted in poor water clarity (no UVR pigments) and a dominance of benthic diatom 
species that are adapted to turbid and highly alkaline waters (Figure 6.9). Climatic 
amelioration occurred as the post glacial period progressed and was probably 
associated with the slow establishment of soils and vegetation up until the peak of the 
HTM (Figure 6.11). These results suggest that the early stages of ontogeny at AT4 were 
the result of catchment processes set in motion by glacial retreat and in the later stages 
climate-mediated catchment processes. 
The peak of the HTM (7000 - 6500 cal. years BP)  
The peak of the HTM was characterized by high DI-alkalinity and maximum production 
between 9000 - 8000 cal. years BP (Figure 6.9), well before the established peak of 
HTM warming of 7500 - 6000 cal. years BP (Bennike et al., 2010). The peak in biological 
production coincides with an increase in DI-alkalinity suggesting that the increase in lake 
production caused a temporary increase in DI-alkalinity at this time. It is suggested that 
the delay in the onset of peak production is related to poor water clarity up until ca. 9000 
cal. years BP because of the high quantities of allochthonous sediment inwash at this 
time (Figure 6.9). Up until ~8000 cal. years BP, slowly developing catchment soils and 
vegetation coupled with warming temperatures may have provided a continuing source 
of base cations, from any remaining till deposits in the catchment, and nutrients, as 
decomposition and rates of nutrient cycling increased in the catchment and lake. After 
8000 cal. years BP, it is likely that the source of nutrients and base cations had been 
exhausted. Coupled with this, the established and stabilized soils and vegetation 
sequestered any available nutrients away from the lake, and caused the onset of 
oligotrophication (Figure 6.11). Normally, well established vegetation and soils would be 
associated with increased DOC export from the catchment to the lake, which would 
contribute to acidification and decreasing water clarity (light) of the waters (Figure 6.11) 
due to the inwash of humic and organic acids. However, it is unknown what impact the 
warmer and more arid climate had on the hydrology of the catchment at this time, and it 
is possible that DOC and nutrient export to the lake was further limited by a decrease in 
precipitation at this time.  
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Figure 6.11 The impact of changing climate on the ontogeny of lake AT4 See Figure 5.12 for a key.
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These relationships demonstrate that there was a high degree of biochemical coupling 
(Crocker and Major 1955, Jacobson and Birks 1980, Engstrom and Fritz 1988, Fritz and 
Engstrom 1995, and Engstrom et al., 2000) between the catchment, lake water 
chemistry and biological production during the early HTM at AT4. It is suggested that 
climate indirectly controlled ontogeny during the early Holocene and the HTM by 
mediating changes in the catchment which impacted upon lake production and water 
chemistry.  
The late HTM (6500 - 4000 cal. years BP) and neoglacial (4000 - 1500 cal. 
years BP) 
From ~ 8000 cal. year BP onwards AT4 continued to demonstrate declining DI-alkalinity 
(Figure 6.9). After the peak of the HTM, climate was wetter and cooler from ca. 7000 cal. 
years BP onwards (Wagner and Bennike 2012). This would have initiated the 
development of deep peats in the catchment and increased the transport of DOC into 
the lake. The effect of this climate-mediated catchment change would have been to 
increase the transport of DOC and humic acids into the lake, creating increasingly acidic 
waters (low ANC in the lake) with poor light penetration (Figure 6.11). The increasingly 
acidic, oligotrophic and dystrophic waters initiated change in diatom community 
structure, towards increasingly acidiophilous planktonic (benthic decline due to light 
limitation) species. It is also proposed that the increased availability of water in the 
catchment acted to increase flushing of the lake, removing nutrients (Figure 6.11), and 
further promoting oligotrophication in the lake.  
 
 At ~ 4500 cal. years BP there is evidence for large-scale climate-mediated catchment 
changes and the breaching of ecological thresholds. Neoglacial cooling was the stressor 
that initiated these catchment and biological changes (Anderson et al., 2012). The timing 
of the onset of neoglacial cooling at AT4 complements the evidence from inland, south-
western Greenland which suggests that the neoglacial began between 5000-4000 cal 
years BP (Dahl-Jensen et al. 1998; Hanna & Cappelen 2003). The beginning of the 
neoglacial was marked by a rapid increase in the sedimentary parameters, OMAR, MAR 
and Ti (Figure 6.9) and the first occurrence of Cyclotella stelligera in large abundances 
(Figure 6.9). This evidence suggests that climatic deterioration associated with the 
neoglacial initiated catchment degradation and the inwash of large amounts of 
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allochthonous organic and minerogenic  sediments, which caused further DI-alkalinity 
decline (DOC and sediment in the water column) but also an increase in nutrients 
previously trapped in the soils (e.g., the presence of Cyclotella stelligera). The effect that 
climate change had on the catchment, lake and ontogeny at during the neoglacial is 
presented in Figure 6.11. The presence of Aulacoseira diatom species from ~ 3000 cal. 
years is consistent with a colder climate and prolonged periods of ice cover at AT4 
during the neoglacial (WeckstrÖm et al., 2007, Wolfe and Hartling 1998, Joynt and Wolfe 
2011). The evidence from AT4 supports that the neoglacial was colder and wetter in 
coastal regions of south-western Greenland (Perren et al., 2012, Wagner et al., 2012). 
These results suggest that climate indirectly controlled lake ontogeny at AT4 during the 
neoglacial, by causing thresholds to be surpassed in the catchment which initiated 
chemical and ecological change in the lake. 
The last 1500 cal. years of lake development 
The last ~1500 cal. years at AT4 were characterized by low DI-alkalinity, and a decline 
and subsequent increase in production during the last 500 cal. years BP (Figure 6.9). 
The increase in production during the last 500 cal. years BP can be seen in the dramatic 
increase in the pigment groups pheophorbide a, Fucoxanthin, pheophytin b, Chl a, and 
pheophytin a (Figure 6.6). The increase in production present in the majority of pigment 
groups is concomitant with an increase in LOI (%) during the last 500 cal. years and is 
thought to reflect changes in catchment processes associated with the LIA; a return to 
tundra and considerable catchment deterioration (Figure 6.12).  
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Figure 6.12 The last 1500 cal. years of lake development at AT4 and the key for Figures 6.11 and 6.12. 
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6.10 Summary of Results 
 
 Alkalinity gradually declines throughout the Holocene at AT4, a trend that has 
been interpreted as marking progressive oligotrophication. The trends in 
oligotrophication at AT4 are comparable with Holocene ontogeny trends 
identified from other Arctic and boreal lakes, and nearby AT1. Alkalinity is 
positively correlated with production (PCA axis 1) throughout the Holocene, 
suggesting that alkalinity has a strong control over lake production at AT4. 
However, early Holocene trends in production are not reflected in the DI-alkalinity 
reconstruction.  This is thought to be related to the alkalinity model 
underestimating high alkalinity values.  
 OMAR, MAR, production and alkalinity are all significantly correlated. 
Specifically, production is negatively correlated to OMAR and positively 
correlated to MAR, and DI-alkalinity is negatively correlated to both OMAR and 
MAR. Firstly, these correlations suggest that DI-alkalinity is generated by 
allochthonous input from MAR, which is associated with nutrient inwash and 
therefore production. Secondly, that from 3500 cal. years BP onwards, OMAR is 
largely derived from allochthonous sources and acts to reduce water clarity, 
alkalinity and therefore production.   
 As alkalinity declines throughout the Holocene at AT4, the proportion of benthic 
diatoms decreases as the proportion of planktonic diatoms increases.  
The periodic inwash of large quantities of MAR acts to increase the proportion of 
alkaliphilous Fragilaria spp. and decrease the proportion of planktonic, 
acidophilous Cyclotella spp.  
 Large increases in OMAR from approximately 4500 cal. years BP are associated 
with allochthonous sediment inwash, increasing oligotrophication and the 
presence of acidophilous planktonic diatom species.  
 The absence of UVR pigments throughout the Holocene indicates low water 
clarity and limited light penetration to the benthos.  UVR is positively correlated to 
the proportion of benthic diatoms at AT4, reflecting the fact that benthic 
organisms are limited by light availability. At AT4 the declining proportion of 
benthic diatoms is due to declining alkalinity and light availability to the benthos.  
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 GRIP temperatures are negatively correlated to the allochthonous elements, 
suggesting that climatic deterioration results in catchment degradation through 
weathering and erosional processes, leading to the inwash of nutrients and 
elements into the lake. The presence of these elements leads to an increase in 
lake production and it can be postulated that climate plays an indirect role in 
modifying lake production at AT1, by initially modifying the catchment which then 
impacts upon lake production.  
 Distinct changes occurred in most proxies and parameters at approximately 6000 
cal. years BP, marking the onset of progressive oligotrophication and the switch 
to a predominantly benthic system. This dramatic change was triggered by 
climate-mediated catchment changes, and ecological thresholds being 
surpassed, associated with the cooler and wetter climate of the late HTM, 
vegetation and soil development.   
 Distinct reorganization of the biological proxies occurs during the last 1000 cal. 
years BP of lake formation. These dramatic changes have been associated with 
the LIA. 
 The occurrences of the diatom species Cyclotella rossii and Cyclotella stelligera 
at different stages of lake development, associated to different alkalinities in the 
lake, supports research that suggests that Cyclotella rossii is an acidophilous 
species that requires moderate depth mixing regimes and light availability, 
Whereas, Cyclotella stelligera is an alkaliphilous species that prefers shallower 
mixing regimes, photic zones and high nutrient availability. 
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Chapter 7 : Interpretation and discussion of results for 
lake SS8 
 
7.1 Introduction 
This chapter presents the results from the sediment proxies analysed from lake SS8. 
The lithology, chronology and age-depth model are presented first, followed by the 
sedimentary parameters, and then the pigment and diatom data. The key trends from 
the proxies are described in Section 7.7, and discussed in relation to Holocene lake 
ontogeny at SS8 in Section 7.8. A final section highlights how climate during established 
climatic episodes (the HTM, neoglacial and last 1500 cal. years) may have influenced 
lake ontogeny in south-western Greenland.  
7.2 Core lithology 
The details of the SS8 core lithology are summarized below in Figure 7.1. The basal 
sediments, marking the retreat of the ice margin from the catchment, comprise glacial 
clays with organic mud and sand. The onset of lacustrine gyttja deposition began at 
~7750 cal. years BP. From ca. 7000 cal. until the present day, dark brown organic 
fibrous muds were deposited in the lake, with layers of moss at 3700 and 1300 cal. 
years BP.  
 
 
 
185 
 
 
Figure 7.1 Lithology of the core taken from lake SS8 and key for symbols. The diagram indicates key 
sedimentary and colour changes. 
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7.3 Chronology and Age-Depth Model 
The chronology and age-depth model for SS8 (Figure 7.2) is based upon a total of seven 
14C dates (Table 7.1); four bulk (gyttja) samples and two macrofossils (a leaf and a twig). 
For details on the methodology used for AMS dating and creation of the age-depth 
model, see Chapter 2. Plant remains are more preferable material to date when 
constraining chronologies than bulk sediment samples because they reflect the 
contemporaneous 14C levels at the time of deposition (Bowman 1990). Bulk age samples 
often produce high offsets because they comprise a heterogenous mix of sediments in 
both age and composition, and in Arctic lakes low sedimentation rates and the input of 
older carbon, in the form of DIC derived from carbonates from catchment geology or 
glacial till, can make the sample appear older than it actually is (Child and Werner 1999, 
BjÖrk and Wohlfarth, 2001).This is reflected in the younger dates for the macrofossils, 
relative to the bulk samples at the same depth (Table 7.1). To estimate offsets, the bulk 
sample 14C dates were paired with the macrofossils, which were calculated to be 116±60 
and 344±54 at 117 and 128 cm, respectively, and used to correct the age-depth model. 
Large errors are associated with the base of the core (28 cm - end of the core.)  
 
The age-depth model produced a maximum age of 8671 cal. years BP for the basal 
sediments, which is comparable to other age determinations in the area for deglaciation 
(van Tatenhove et al., 1996, Bennike et al., 2011). The age depth model (Figure 7.2) 
suggests that sedimentation rates were high for the first ca. 1500 cal. BP years, slowed 
between 7429 - 6475 cal. years BP, increased again, and declined again for the last ca. 
2000 cal. years BP. 
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Figure 7.2 The age-depth model for lake SS8 based upon the chronology of AMS 
14
C dates. The 
model was created by Jesper Olsen of Queens University, Belfast. The yellow features are the bulk 
calibrated dates, the purple features are the corrected bulk dates and the green features represent 
plant macrofossils. The central darker green line represents ages based upon the age-depth model 
and the lighter green lines represent the error for each date calculated from the age-depth model.  
 
Table 7.1 Details of the samples used to obtain the 
14
C chronology by AMS dating for lake SS8, upon 
which the age-depth model was based. 
Sample 
code 
Material Lab 
number 
Depth 
(cm) 
14
C Age 
(BP) 
Calibrated 
age (cal. yr 
BP) 
d
13
C (‰ 
VPDB) 
Model age 
(cal. yr BP) 
    
 
   
SS8 - 9K  BULK SUERC-
26445 
4.5 modern modern -26.4 689±437 
SS8 - 13 BULK SUERC-
33124 
29 2386± 
37 
2425± 58 -29.9 2020±89 
SS8 - 70 BULK SUERC-
26442 
86 4784± 
38 
5532±45 -26.7 5060±119 
SS8 -101  TWIG SUERC-
18407 
117 5678± 
38 
6465±39 -28.1 6475±52 
SS8 -101  BULK SUERC-
18413 
117 6022± 
38 
6868±55 -27.5 6475±52 
SS8 -112  LEAF SUERC-
18408 
128 6528± 
46 
7449±34 28.1 7429±52 
SS8 -112  BULK SUERC-
18414 
128 6644± 
39 
7530±34 -23.1 7429±52 
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7.4 SS8 physical parameters 
Physical parameters were measured on the SS8 core (Figure 7.2) at 1 cm resolution. A 
total 150 contiguous samples were analysed for organic content (%), minerogenic 
content (%), and dry/wet mass. With the exception of the top 25 cm of the core (see 
Chapter 3), 125 samples were used to calculate the organic matter accumulation rate, 
(OMAR) and minerogenic accumulation rate (MAR) for the core profile. The elements Ca 
and Ti are presented from the XRF dataset, except for the kajak core samples which 
were not processed. The main trends characterizing the zones determined by optimal 
splitting (Chapter 3, Section 3.6.1) are described in the section below.  
Zone SS8S-A (8600 - 8100 cal. years BP) 
The characteristic features of Zone SS8S-A (Figure 7.2) were the highest proportion of 
minerogenic sediments in the core (> 95%) and the lowest amount organic (0.9%) and 
carbonate content (0.2%). DMAR and MAR were the highest in the core at ca. 8500 cal. 
years BP, of 1.6 and 0.03 g cm-2 yr -1, respectively, and rapidly declined throughout the 
zone. The bulk density and dry weight also demonstrated the highest values of the core, 
of 3 g cm3 and ~80%. OMAR displayed the highest rates of the core (of 0.003 g cm-2 yr -
1) at ca. 8700 cal. years BP, after which it declined rapidly and remained at moderately 
low values, compared to the rest of the core. The elements Ca and Ti were absent for 
most of Zone SS8S-A, and appeared in low counts towards the end of the zone. 
Zone SS8S-B (8100 - 7500 cal. years BP) 
Moderately high DMAR and MAR, of 0.5 and 0.008 g cm-2 yr -1, respectively, 
characterized Zone SS8S-B (Figure 7.2). Similarly, dry weight and bulk density also 
displayed moderately high values of ~ 57 and 1 g cm3. OMAR trends were comparable 
to Zone SS8S-A, and the lowest quantities of Ca and Ti (174 and 6, respectively) 
occurred. The sediments comprised mainly minerogenic sediments, which gradually 
declined throughout the zone as organic content gradually increased and the largest 
proportion of carbonate occurred, of 16 % at ca. 7800 cal. years BP which rapidly fell to 
moderately high levels at 7600 cal. years BP.   
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Figure 7.3 The physical parameters of lake SS8, and Ti and Ca (peak area) from the XRF data. Zones defined by optimal splitting.  
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Zone SS8S-C (7500 - 5900 cal. years BP) 
Zone SS8S-C (Figure 7.2) was characterized by a continued and gradual decline in the 
proportion of minerogenic sediments and gradual increase in organic content. The 
carbonate content demonstrated moderately high proportions until 7100 cal. years BP 
when it rapidly declined to the lowest proportions in the core until 6500 cal. years BP, 
when it increased again to ~1.5 %. DMAR was low (0.4 g cm-2 yr -1) until approximately 
6600 cal. years BP when it increased to moderately high rates, and MAR demonstrated 
moderately low rates (0.01 g cm-2 yr -1) with the exception of a rapid increase at ca. 6500 
cal. year BP. Bulk density was at levels comparable to Zone SS8-B and also 
demonstrated a rapid increase and decline at ca. 6400 cal. years BP, and dry weight 
continued to gradually decline throughout the zone.  OMAR declined slightly between 
ca.7500 and 6500 cal. years BP, after which it rapidly increased to moderately high 
values of 0.001 cm-2 yr -1. Ti displayed low values until ca. 6400 cal. years BP when they 
increased to moderately high counts relative to the rest of the profile. Ca quantities were 
comparable to Zone SS8S-B until 7085 cal. years BP, when they rapidly increased to the 
maximum values of the profile of 1030, at 6400 cal. years BP before rapidly declining 
again.  
Zone SS8S-D (5900 - 1500 cal. years BP) 
The characteristic features of Zone SS8S-D (Figure 7.2) were a very gradual decline in 
DMAR, MAR and bulk weight, reaching the lowest rates and density of the profiles, of 
0.03, 0.003 cm-2 yr -1 and 0.17 g cm3, respectively. Dry weight reached the lowest values 
in the core. OMAR displayed maximum values of ~0.02 cm-2 yr -1 at 5800 cal. years BP 
followed by a decline to moderately high but slightly variable rates for the duration of the 
zone. The peak area of Ti increased throughout the zone demonstrating maximum 
values of ~ 200 at 2800 cal. years BP, whereas Ca peak areas were highly variable and 
displayed high values of 650 and 750 at ca. 4000 and 2000 cal. years BP. The largest 
proportion of organic content occurred during Zone SS8S-D of approximately 20 - 30 % 
as the proportion of minerogenics declined. Carbonate content was at approximately 
2%, although increased slightly from 2500 cal. years BP onwards, demonstrating a 
prominent increase at 1750 cal. years BP to 8%.   
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Zone SS8S-E (1500 - 0 cal. years BP) 
It was not possible to determine most of the sedimentary parameters for the top section 
of the core, due to non-volumetric sampling of the kajak core. However, the organic,  
minerogenic and carbonate content (%) of the core was characterized by decreasing 
proportions of organic matter (%) and increasing minerogenic content (%). Carbonate 
content demonstrated four consecutive rapid increases to high values at 1250, 1100, 
1000 and 250 cal. years BP (Figure 7.2). Dry weight increased to high proportions and 
Ca gradually declined whereas Ti gently increased. 
7.5 SS8 Diatoms  
Diatoms were counted every 4 cm from the SS8 core providing an approximate 
resolution of a slide every 200 cal. years. A total of 160 different species, covering 23 
genera, were identified. The results from the diatom counts and the associated 
parameters, such as F-index and diatom concentrations are presented in Figure 7.4 and 
Figure 7.5 respectively.  
Zone SS8D-A (8600 - 8300 cal. years BP) 
Zone SS8D-A was by dominated by Fragilaria species; Fragilaria construens var. venter, 
accounted for ~70% of the assemblage, Fragilaria pseudoconstruens > 20%, Fragilaria 
pinnata >7%, and small proportions of Fragilaria brevistriata >3% (Figure 7.4). No 
diatoms were present in the basal sediments of the core (the first 6 cm). Almost all 
valves demonstrated some sign of dissolution in Zone SS8D-A (very low F-index).   
Zone SS8D-B (8300 - 6300 cal. years BP) 
The dominant species in Zone SS8D-B was Fragilaria brevistriata which occurred in its 
highest proportions of the core of ~ 80% (Figure 7.4). Epithemia sorex was present for 
the first time in the core as the second most dominant species (<35%) after Fragilaria 
brevistriata. There was a continued presence of Fragilaria pinnata and a decline in the 
percentage of Fragilaria construens var. venter. A range of species occurred for the first 
time in small proportions (<5%) such as of Navicula rhyncocephala, Denticula keutzingii, 
Cymbella incerta, and Fragilaria construens var. subsalina. DI-alkalinity values were 
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Figure 7.4 The relative abundances for diatoms (<5%) from lake SS8 sorted by weighted averaging by species abundance. The CA axis 1 sample scores 
are presented at the end of the diagram alongside the DI-alkalinity (μeq L
-1
) reconstruction. The grey shading indicates poor diatom valve preservation.  
The red lines indicate slides where no diatom valves were preserved. 
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Figure 7.5 The LOI (%), diatom dissolution (F-index), concentration (log 10 
6
 g), species diversity measured by Hill’s N (N2), diatom (black shading): 
chrysophyte cyst (grey shading) ratio (%), B:P:T or the benthic (black):planktonic(grey):tychoplanktonic (white) diatom ratio (%), CA axes 1 and 2 
sample scores, and the DI-inferred alkalinity (μeq L
-1
) for lake SS8. The grey shading indicates poor diatom valve preservation.  The red lines indicate 
slides where no diatom valves were preserved.
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moderately high at the beginning of the zone, ~ 2800 μeq L-1 at 8200 cal. years BP, 
before declining to low values and increasing again slowly at the top of the zone. The CA 
axis 1 and 2 scores demonstrated comparable trends, with a rapid decline from the high 
values at the end of zone SS8D-B until ca. 8200 cal. years BP, followed by a rapid 
increase between ca. 8200 - 7600 cal. years BP.  The proportion of diatoms relative to 
chrysophyte cysts rapidly declined from ca. 8200 cal. years BP, although this trend was 
interrupted by a rapid increase at ca. 7100 cal. years BP (Figure 7.5). The zone was 
dominated by benthic diatoms with the exception of two short lived occurrences of 
planktonic species (>8%) at ca. 8200 and 6900 cal. years BP. A rapid decline in diatom 
concentration occurred at ca. 8200 cal. years BP, after which concentration gradually 
increased throughout the zone. Diatom diversity was very low at approximately 2, 
increasing to 4 at ca. 8200 cal. years BP. Diatom preservation improved relative to Zone 
SS8D-A, although dissolution was still high (F-index ~0.4).  
Zone SS8D-C (6300 - 5600 cal. years BP) 
Zone SS8D-C is characterised by the highest abundances of Amphora pediculus (80%) 
in the core and reduced abundances of Fragilaria brevistriata relative to the other zones 
(Figure 7.4). Pinnularia microstauron (5%) and Fragilaria robusta (20%) are present for 
the first time comprising up to 5 and 20 % of the assemblage, respectively.  DI-alkalinity 
demonstrated maximum values of 6400 μeq L-1 at ca. 6200 cal. years BP (Figure 7.5).  
Both CA axis 1 and 2 scores rapidly rose to high values, diatom concentration increased 
to moderately high values and there was a rapid increase in diatom diversity (Hills’s N) 
and valve preservation (F-index) at ca. 5800 cal. years BP. The diatom assemblage 
continued to be dominated by benthic species although the highest proportion of 
chrysophyte cysts (36%) occurred at ca. 5800 cal. years BP.  
Zone SS8D-D (5600 - 5100 cal. years BP) 
Zone SS8D-D was characterised by high abundances of Fragilaria brevistriata (60%) 
and Amphora libyca (50%) (Figure 7.4). The abundance of Pinnularia microstauron 
reached high values at the top of the zone. DI-alkalinity declined from high to low values 
(~2100 to 690 μeq L-1) and increased at the end of the zone (2600 μeq L-1). CA axis 1 
and 2 scores rapidly declined to very low and moderately low values, respectively 
(Figure 7.5). Benthic diatoms continued to dominate the assemblage and the proportion 
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of chrysophyte cysts declined to approximately 3%. Diatom preservation rapidly 
improved during Zone SS8D-D with a high proportion of valves pristinely preserved (F-
index ~0.8). Diatom diversity (Hill’s N) gradually increased as diatom concentration 
steadily declined.   
Zone SS8D-E (5100 - 1800 cal. years BP) 
A change in species composition and an increase in species diversity characterized 
Zone SS8D-E (Figure 7.4). Denticula keutzingii and Fragilaria exigua proportions 
increased to the highest in the core and Achnanthes conspicua, Navicula 
rhyncocephala, and Achnanthes delicatula all occurred for the first time in the core. 
Pinnularia microstauron, Amphora libyca, Amphora pediculus, Fragilaria pinnata, and 
Fragilaria robusta all declined in abundance relative to Zone SS8D-D. DI-alkalinity 
fluctuated at moderately high values (Figure 7.5). CA axis 2 scores were constant for the 
duration of the zone, whereas the CA axis 1 scores were constant but demonstrated a 
rapid increase at ca. 3600 cal. years BP. The zone is characterized by a dramatic 
increase in the proportion of chrysophyte cysts to a maximum of 35% and the highest 
occurrence of planktonic diatoms in the assemblage of approximately 25% between ca. 
3600 - 3100 cal. years BP. Diatom diversity (Hill’s N2) rapidly increased throughout the 
zone to the highest values in the core, of 16. Similarly, diatom concentration gradually 
increased to the highest values in the core of 9.8 log106 g at ca. 2300 cal. years BP.  
Diatom preservation remained high and similar to Zone SS8D-E. 
Zone SS8D-F (1800 - 0 cal. years BP) 
High abundances of Fragilaira construens var. subsalina (45%), Achnanthes conspicua 
(<35%), and Fragilaria robusta (35%) along with lower proportions of Fragilaria pinnata 
(20%) and Amphora libyca (<5%) characterised Zone SS8D-F (Figure 7.4).  DI-alkalinity 
increased to the highest values in the core (Figure 7.5), with a rapid increase at the top 
of the zone to ~ 7000 μeq L-1. CA axis 1 scores were the highest in the core, 
demonstrating a comparable and rapid increase with DI-alkalinity at the top of the core. 
Conversely, CA axis 2 scores rose until ca. 600 cal. years BP and then rapidly declined. 
Benthic diatoms dominated the diatom assemblage and the proportion of chrysophyte 
cysts declined, to approximately 10%, relative to diatoms. Diatom diversity (Hill’s N2) 
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declined to moderately high levels, and for the last 1000 cal. years diatom preservation 
was the highest of the entire core, at approximately 1. 
7.6 SS8 pigments 
The sedimentary pigments were analysed every cm providing a resolution of 
approximately 70 cal. years per sample. The results from the sedimentary pigments are 
presented in Figure 7.6   
Zone SS8P-A (8600 - 8000 cal. years BP) 
Total algal production was moderately high during Zone SS8P-A and was characterized 
by a peak in Chl a (250 nmol g-1) at ca. 8200 cal. years BP, little or no Chl a’, an 
absence of pheophytin b, and moderately high values of β carotene (Figure 7.6).  The 
cyanobacterial pigment (myxoxanthophyll, canthaxanthin, and echinenone) 
concentrations were high relative to the rest of the zone, at 290, 630 and 255 nmol g-1, 
respectively. Okenone (purple-sulphur bacteria), occurred in the highest concentrations 
of the core, of 2800 nmol g-1. Pheophytin a and Chl b, (cholorophytes) also 
demonstrated moderately high values. There was an absence of fucoxanthin, except for 
at the very bottom of the core.  Moderately high values of lutein-zeaxanthin, alloxanthin, 
and UVR index relative to the rest of the core characterized this zone, and some of the 
highest concentrations of diatoxanthin (350 nmol g-1) occurred. The highest PCA axis 1 
and 2 scores were exhibited at the bottom of the zone, which rapidly declined to low 
values. 
Zone SS8P-B (8000 - 7200 cal. years BP) 
Zone SS8P-B was characterised by a decline in total algal production. Chl a was 
completely absent from only this section in the core, and β carotene demonstrated 
moderately high but variable values. Pheophytin a appeared for the first time with three 
moderately high peaks fluctuating between 0 and 600 nmol g-1 throughout the zone. 
Cyanobacterial concentrations declined to the lowest in the core, ranging between 0 - 
239 nmol g-1. Okenone declined from the maximum concentrations of Zone SS8P-B, and 
fluctuated with moderately high values at about 600 nmol g-1. Chl b decreased to 
moderately high values, whereas as Chl b’ and pheophytin b demonstrated the only 
period of absence in the core.  Alloxanthin, diatoxanthin and lutein-zeaxanthin all
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Figure 7.6 Sedimentary pigment concentrations (nmol pigment g
-1
 organic content sediment) and PCA axis 1 and 2 scores for lake SS8 with zones 
determined by optimal splitting. 
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declined from the higher values of Zone SSP-A, and fucoxanthin continued to be 
completely absent from the core. The UVR index remained comparable to Zone SS8P-
A. The highest PCA axis 1 scores present in the core occurred during Zone SS8P-B. 
Zone SS8P-C (7200 - 6400 cal. years BP) 
Zone SS8P-C represents a period of elevated pigment concentrations, and some 
pigments exhibited their maximum values of the entire core. β carotene appeared in a 
distinct peak representing its highest quantity in the core, of 1500 nmol g-1. Chl a 
gradually increased throughout the zone to concentrations comparable to Zone S88P-A. 
The cyanobacterial pigments, echinenone and canthaxanthin, all fluctuated at 
moderately high concentrations of about 180 nmol g-1 and 565 nmol g-1, respectively, 
and myxoxanthophyll increased to its highest concentration in the core of 350 nmol g-1. 
Purple-sulphur bacteria (okenone) began to decline. A peak occurred in the 
chlorophytes, representing the largest quantity of Chl a (340 nmol g-1), and a moderately 
high quantity of pheophytin b occurred. Concentrations of diatoxanthin remained similar 
to those in Zone SS8P-B, and alloxanthin and lutein-zeaxanthin exhibited their maximum 
concentrations of the whole core. Fucoxanthin was absent from Zone SS8P-C and the 
UVR index was comparable to Zone SS8P-B. PCA axis 1 scores progressively declined 
relative to Zone SS8P-B and PCA axis 2 scores declined to the lowest in the core. 
Zone SS8P-D (6400 - 5700 cal. years BP) 
During Zone SS8P-D total algal production was dominated by the largest concentrations 
of both Chl a (440 nmol g-1) and pheophytin a (980 nmol g-1) in the core. Conversely β 
carotene declined to some of the lowest values in the core of approximately 100 nmol g-
1. The highest concentration of the cyanobacterial pigments, echinenone and 
canthaxanthin, occurred during the zone, myxoxanthophyll disappeared and purple-
sulphur bacteria declined to low concentrations. The chlorophyte pigments were also 
present in high concentrations, and pheophytin b occurred at its maximum values in the 
core, of 3100 nmol g-1. Diatoxanthin, lutein-zeaxanthin and alloxanthin concentrations 
rose at the bottom of the zone, the UVR was the lowest in the core, and fucoxanthin 
occurred temporarily for the first time in the core, at approximately 6000 cal. years BP. 
PCA axis 1 scores fell to the lowest in the core and PCA axis 2 scores increased during 
Zone SS8P-D.  
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Zone SS8P-E (5700 - 4700 cal. years BP) 
Total algal production in Zone SS8P-E was dominated by pheophytin a, which occurred 
in its highest concentration present in the core during this zone. Conversely, β carotene 
and Chl a concentrations fell to moderately low levels. Okenone fluctuated at moderately 
high values, of around 1400 - 2000 nmol g-1, canthaxanthin and echinenone declined to 
their lowest concentrations, and myxoxanthophyll fluctuated at around 100 nmol g-1. The 
chlorophyte pigments, Chl b and pheophyin b, declined and fucoxanthin fluctuated 
intermittently at moderately high values. Alloxanthin, diatoxanthin and lutein-zeaxanthin 
all remained at moderately high values and the UVR index increased relative to Zone 
SS8P-D. PCA axis 1 and 2 scores increased to moderately high values.  
Zone SS8P-F (4700 - 1200 cal. years BP) 
Zone SS8P-F was characterised by the lowest concentrations of pigments indicating 
total algal production, e.g., Chl a, pheophytin a, and β carotene, in the core. Similarly, 
cyanobacterial pigment concentrations declined to the lowest in the core for the duration 
of the zone, with the maximum concentration of myxoxanthophyll occurring at 
approximately 1800 cal. years BP.  The chlorophyte pigments, Chl b and pheophytin b, 
remained at their lowest quantities relative to the rest of the core. Fucoxanthin occurred 
intermittently but at higher values (25 nmol g-1) relative to any other zone, and the UVR 
index demonstrated the highest concentrations of the core. Alloxanthin, diatoxanthin and 
lutein-zeaxanthin also occurred in the lowest concentrations of the core sequence. PCA 
axis 1 scores were moderately high and gradually declined throughout the zone. PCA 
axis 2 scores were moderately high during the zone.  
Zone SS8P-G (1200 - 0 cal. years BP) 
Zone SS8P-G was characterised by high concentrations of most pigments at ca.500 cal. 
years BP. Total algal production increased for Chl a and pheophytin a, but declined for β 
carotene. Myxoxanthophyll concentrations remained low and comparable to Zone SS8P-
F, and both okenone and echinenone increased relative to Zone SS8P-F, although not 
to their maximum extent. Chl b and pheophytin b occurred in very high concentrations of 
approximately 250 and 600 nmol g-1. Fucoxanthin and the UVR index were present 
throughout the zone, although in much lower quantities than the rest of the core. 
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Alloxanthin, diatoxanthin and lutein-zeaxanthin concentrations all remained similar to 
SS8P-G, although all demonstrated a synchronous peak at ca. 500 cal. years BP. Only 
canthaxanthin occurred in high concentrations with a peak at ca. 500 cal. years BP.  
PCA axis 1 scores gradually declined and then increased throughout the zone, and PCA 
axis 2 scores increased slightly relative to Zone SS8P-G. 
7.7 The long-term trends and relationships between the proxies at SS8 
7.7.1 CA axis 1, alkalinity and lake production 
The diatom CA axis 1 scores (Figure 7.7) explain 12.8% of the variance in the fossil 
diatom assemblages at SS8. The CA axis 1 scores are indicative of the proportion of 
alkaliphilous and acidophilous diatom species present in SS8 upon which the DI-
alkalinity reconstruction is based (see Chapter 4).   
 
Four different alkalinity trends characterize the Holocene development of lake SS8 
(Figure 7.7). A rapid increase in alkalinity of 7.77 μeq L-1 yr-1 occurred between the base 
of the core at 8400 and 8150 cal. years BP declining steadily at a rate of 3.74 μeq L-1 yr-1 
until ca. 7600 cal. years BP. Between ca. 7600 and 2000 cal. years BP lake alkalinity 
remained generally constant, demonstrating very gradual alkalinity loss of 0.05 μeq L-1 
yr-1, before rapidly increasing from ~1700 - 4500 μeq L-1 ca. 90 cal. years BP. The last 
~100 of lake development demonstrate a rapid increase in alkalinity to the highest in the 
core of ca. 25,000 μeq L-1. Similarly, a large increase in alkalinity occurred at ca. 6250 
cal. years BP to one of the highest episodes of alkalinity of ~6000 μeq L-1.  
 
The pigment PCA axis 1 scores (Figure 7.7) account for 39.5 % of the variance in the 
fossil pigment assemblages at SS8. The lowest scoring algal groups and those most 
strongly associated with the first axis are pheophytin a, Chl a and Chl a’, all reflecting 
total algal production in the lake,  suggesting that PCA axis 1 is reflecting changes in 
lake production at SS8. Specifically, Chl a demonstrates the inverse trend to PCA axis 1, 
indicating that low PCA axis 1 scores represent times of higher levels of total algal 
production. Five stages have been identified in the PCA axis 1 scores indicative of 
different levels of production. Between 8400 and 7250 cal. years BP, PCA axis 1 scores 
rapidly increased to some of the highest values in the profile at ca. 8000 cal. years BP,  
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Figure 7.7 The the DI-alkalinity (μeq L
-1
), CA diatom and PCA pigment sample scores for axis 1 for lake SS8 plotted against age (cal. years BP). CA axis 
1 scores reflect the response of diatom communities to changes in alkalinity. Pigment PCA axis 1 reflects pigment assemblage changes related to lake 
production. The CA and PCA axis 1 are responsible for 12.8% and 39.5% of the variance in the diatom and pigment dataset respectively. The dashed 
lines mark the point of key changes in the profiles. 
202 
 
before quickly falling again. This is followed by a gradual decline to 6250 cal. years BP. 
From 6250 to 4000 cal. years BP, PCA axis 1 scores rapidly increased to the highest in 
the core, rapidly decreased and then gradual declined until 1500 cal. years BP, when a 
small rise occurred. The last ca. 1500 cal. years are characterized by a small decrease 
followed by an increase towards the end of the core. 
7.7.2 The CA and PCA axis 2 scores 
The SS8 CA and PCA axis 2 scores (Figure 7.8) demonstrate broadly comparable 
trends from 8400 until ca. 5500 cal. years BP, and from 3000 - 0 cal. years BP.  
Between 5500 and 3000 cal. years BP the two profiles generally demonstrate inverse 
trends.  
 
CA axis 2 explains 12.1 % of the variance in the fossil diatom data at SS8 (Figure 7.8) 
and is strongly associated with diatom species indicative of highly conductive waters, 
such as Amphora libyca (optima > 2000 µScm-1, Ryves et al., 2002), and strong 
stratification and species such as Cyclotella bodanica var. lemanica (Winder et al., 2008, 
Galloway et al., 2011). These results suggest that CA axis 2 is demonstrating changes in 
diatom assemblages related to water conductivity at SS8. PCA axis 2 accounts for 
18.2% of the variance in the Holocene trends of the fossil pigment assemblages at SS8 
and is associated with the cyanobacterial pigments okenone, myxoxanthophyll, and β 
carotene, alloxanthin, pheophytin b, and also the UVR index, indicating that the PCA 
axis 2 scores may be reflecting changes in the pigment assemblages related to light 
availability (water clarity or lake level changes) or stratification. The general trends in the 
PCA axis 2 scores mirror the trends in the UVR index until ca. 3000 cal. years BP 
(Figure 7.8). 
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Figure 7.8 The CA axis 1 (12.8%) 2 (12.1%) and PCA (18.2%) axis 2 sample scores for SS8 and the 
UVR index, indicative of water clarity in the lake. 
7.7.3 Key trends between production and alkalinity with the sedimentary 
and biological record.   
The long-term trends in DI-alkalinity demonstrate some similarities to the pigment 
profiles indicative of overall algal production in the lake (Figure 7.6 and Figure 7.9). 
These results would suggest that during the Holocene at SS8 periods of high alkalinity 
were associated with periods of high total production, and low PCA axis 1 scores (see 
section 7.7.2). Consequently, PCA axis 1 scores and DI-alkalinity are negatively 
correlated (r = -0.40 significant at the 0.05 and P ≤ 0.05 levels, Appendix 4, Table 2.1). 
For example, high concentrations of Chl b prevailed before 6000 cal. years BP, and the 
two periods of high alkalinity at 6300 and 8300 cal. years BP coincide with some of the 
highest values of chl a (Figure 7.9). Similarly, the period of low alkalinity between ca. 
6000 and 2000 cal. years BP is reflected in low concentrations of Chl a as an indicator of 
total algal production. Equally, the increase to moderately high alkalinity at ca. 2000 cal. 
years BP is reflected in high Chl a and pheophytin a concentrations reflecting overall 
algal production.  
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Figure 7.9 The Holocene trends in DI- alkalinity (µeq L
-1
), diatom CA axis 1 scores, diatom concentration, diatom diversity (Hill’s N), F-index, the 
proportion of benthic (B) (black shading), planktonic (P) (grey shading) and tychoplanktonic (T) (white) diatoms, diatom:chrysophyte ratio, pigment 
PCA axis 1 and 2 scores, UVR index, the cyanobacterial pigments myxoxanthophyll and echineone, the pigments indicative of total algal production 
Chl a and b, LOI (%), OMAR, MAR, Ti (red line) and Ca (black line) from the XRF data, and GRIP temperatures (Dahl-Jensen et al., 1998). The red lines 
across the diagram mark where diatoms were absent from the sediment record and the grey shading indicates the zone where dissolution was high. 
The darker grey band highlights the HTM as defined by Bennike et al., (2010), and the dashed black lines the neoglacial (4000 cal. years BP) as defined 
by Bennike (2000) and the last 1500 cal. years BP.
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Diatom concentration does not demonstrate comparable long-term trends to DI-
alkalinity, or any of the other proxies or parameters (Figure 7.9). Diatom dissolution is 
very high until approximately 5500 cal. years BP, which coincides with low proportions of 
diatoms relative to cryophyte cysts and low diatom diversity, probably largely reflecting 
the high rates of dissolution at this time (Figure 7.9). 
 
The trends in OMAR do not mirror the trends in production. However, the high levels of 
biological production demonstrated in the pigment profiles (Figure 7.6 and Figure 7.9) 
between ca. 6500 - 5800 cal. years BP correspond to maximum OMAR, possibly 
indicating a period of increased biological production. OMAR is significantly correlated to 
MAR suggesting either a largely allochthonous source for OMAR at SS8 r = 0.47 
(Appendix 4, Table 4.3), or that allochthonous MAR inwash influences biological 
production and therefore OMAR. Interestingly, GRIP is positively correlated to the 
sedimentary parameters OMAR and MAR (r = 0.56 and 0.39, respectively), indicating 
that increasing temperatures during the Holocene were associated with increasing 
OMAR and MAR. This evidence suggests that climate plays a role in MAR and possibly 
OMAR delivery to the lake, which can impact upon biological production. 
 
CA axis 2 (conductivity), is significantly positively correlated to MAR, GRIP, diatom 
dissolution, the pigment okenone and negatively correlated to diatom concentration 
(Appendix 4, Table 4.3). These results indicate that CA axis 2 scores, or conductivity, 
increased alongside MAR, GRIP, diatom dissolution (F-index) and okenone (Figure 7.9). 
This suggests that increasingly alkaline or conductive waters are associated with warmer 
temperatures, increased minerogenic input, stratification and the presence of okenone 
and higher levels of diatom dissolution, which reduces diatom concentration in the lake. 
Evidence for these processes has also been demonstrated at nearby lake Braya SØ 
(McGowan et al., 2003, McGowan et al., 2008). Interestingly, diatom valve preservation 
decreases (lower F- index) with increasing CA axis 2 scores (conductivity), where r = 
0.66 P< 0.05 (Appendix 4, Table 4.3). These results may indicate that before 6500 cal. 
years BP, warmer temperatures were associated with lake level lowering, evaporative 
enrichment, increasing water conductivity, alkalinity and production.  
   
The UVR index demonstrates broadly comparable trends with PCA axis 1 (production), 
myxoxanthophyll and with okenone until ca. 6000 cal. years BP, and is negatively 
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correlated to OMAR and Chl a and echinenone. These results suggest increased water 
clarity and light penetration to the benthic zone at SS8, favouring the development of 
cyanobacterial communities, which can produce UVR screening pigments to protect 
against the damaging UVR rays. For example, the episode of low UVR between ca. 
6500 - 5500 is coeval with a period of elevated OMAR and algal production and the last 
1500 cal. years BP are associated with high production and an absence of UVR (Figure 
7.9). 
7.7.3 The Holocene changes in SS8 diatom assemblages in relation to the 
surface sediment training set lakes and dominant environmental variables 
The SS8 fossil diatom data were plotted passively onto a constrained ordination of the 
training set lakes and the three most significant environmental variables in the training 
set (see Chapter 4), indicating how the lake has changed through time (see Figure 7.10). 
The changes in diatom assemblages throughout the Holocene at SS8 indicate a 
complicated development trajectory. The early stages of lake development at SS8 (up 
until ca. 8150 cal. years BP) were characterized by initially highly alkaline waters 
comparable to lake SS1287 today, before rapidly becoming less alkaline. By 7900 cal. 
years BP, SS8 had become slightly more alkaline again, before demonstrating less 
alkaline waters at 6200 cal. years BP. Between 7900 and 6200 cal. years BP, the SS8 
assemblages also moved closer into environmental space for max depth, suggesting 
that lake level increased at this time. The close proximity of lake AT1 in environmental 
space at 6200 cal. years BP infers that the lake waters were oligotrophic at this point, as 
the lake waters of AT1 are today. Between 6200 and 5000 cal. years BP the trajectory 
indicates that the lake waters demonstrated a decline in both alkalinity and water depth. 
Sample scores tracked positively along the max depth variable from 5000 - 3000 cal. 
years BP, indicating an increase in water depth. Both an increase in alkalinity and a 
decrease in lake depth occurred between 3000 - 2100 cal. years BP.  The last ca. 2000 
cal. years were characterized by a rapid decline in alkalinity and an increase in water 
depth. 
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Figure 7.10 Down core changes of the diatom assemblages (red line) plotted passively in a constrained ordination of surface sediment environmental 
space (lakes = blue circles) with the most statistically significant forward selected environmental variables. T denotes the top of the core and B the 
base. Dates (cal. years BP) are in italics.  
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7.8 Discussion  
7.8.1 Long-term ontogeny trends at lake SS8  
Long-term trends in alkalinity and production varied during the Holocene at SS8. 
Specifically, alkalinity and production were moderately high for the first ~ 1000 cal years 
BP of lake development and both increased up until ~6000 cal. years BP. Between ca. 
6000 - 2000 cal. years BP production and DI-alkalinity were very low and rapidly 
increased at ca. 1500 cal. years BP. A further increase in alkalinity occurred at 200 cal. 
years BP, although this must be viewed with caution because this part of the DI-alkalinity 
reconstruction is based upon only one species and therefore may not be accurately 
modeled (see Chapter 4). These Holocene trends are interpreted as reflecting a highly 
alkaline and productive lake up until the end of the HTM, followed by oligotrophication 
and a return to alkaline and highly productive waters during the last 1500 cal. years of 
lake development.   
 
High alkalinity is a common feature associated with the early stages of lake development 
in deglaciated terrain and is related to the inwash of sediments rich in base cations and 
nutrients from barren catchments, which promote high levels of production and result in 
alkaline waters (Pennington et al., 1972, Battarbee 1984, Whitehead et al., 1989, 
Engstrom and Fritz 1988, Renberg 1990, Fritz and Engstrom 1995, Wolfe and Hartling 
1995, and Engstrom et al., 2000). Highly alkaline waters can be the result of both the 
availability of large quantities of base cations (Karst-Riddoch et al., 2005a Karst-Riddoch 
2005b) and high levels of biological production (Schindler 1986).  At SS8 there is 
evidence for high quantities of MAR entering the lake during the early Holocene, 
indicating alkalinity was high due to both allochthonous inwash and moderately high 
production (Figure 7.9).  
 
There are similarities in the long-term DI-alkalinity and production trends of SS8 with 
other lakes in the inland region. The early stages of lake development at SS8 are 
comparable to those of nearby lake SS2, which was characterized by high alkalinity for 
the first 1000 cal. years BP, with maximum values at ca. 6500 cal. years BP, followed by 
a gradual decline to ca. 1500 cal. years BP (Anderson et al., 2008). The last 1500 cal. 
years at SS2 were characterized by high values until ca. 1000 cal. years BP (8000 µeq 
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L-1) when a rapid decline occurred, a feature which is not reflected in the SS8 record at 
this time.  Similarly, DI-conductivity was very high at nearby lake Braya SØ between ca. 
7000 - 6000 cal. years BP (McGowan et al., 2003), which compares to the timing of the 
peak in DI-alkalinity in SS8 at ca. 6500 cal. years BP. Furthermore, the decline in 
production and onset of oligotrophication from ca. 6500 cal. years BP at SS8 is 
comparable to the long-term development of freshwater lake SS16  (Heggen et al., 
2010).The broadly comparative trends in DI-alkalinity and production at SS8 with the 
other lakes in the inland region suggest that lake production and DI-alkalinity is closely 
coupled with climate. 
 
It is suggested that the long-term trends in DI-alkalinity and production (see Section 
7.7.1) are related to regionally established climatic changes which occurred during the 
Holocene. The episode of high alkalinity in the early Holocene (ca. 8000 cal. years BP; 
Figure 7.9) could be the result of enhanced aridity during this period, which resulted in a 
negative precipitation: evaporation ratio, increased evaporation, reduced hydrological 
input and lake level lowering possibly below the outflow; temporarily forming a closed 
lake. These hydrological and climatic changes would have concentrated nutrients and 
ions within the lake, elevating water alkalinity. For example, the very high DI-alkalinity 
values at ca. 6250 cal. years BP (Figure 7.9) occurred at the same time as a clay band 
in nearby closed lakes SS6 and Braya SØ (ca. 6000 - 6800 cal. years BP), associated 
with extremely positive δ18O values indicative of a highly evaporative and arid 
environment (McGowan et al., 2003, Anderson and Leng 2004, Aebly and Fritz 2009), 
and with estimates from nearby lake proxy records in the area for the end of the peak 
HTM warming (Bennike et al., 2010). It could be postulated that the period of relatively 
low alkalinity and production between 6000 - 2000 cal. years BP (Figure 7.9) is 
associated with the cooler and wetter conditions of the mid-Holocene and later, the 
onset of neoglacial cooling (ca. 4000 cal. years BP) in the region. These climatic 
conditions caused higher rates of hydrological flushing, which removed nutrients from 
the lake and reduced the alkalinity and biological production of the lake waters. A similar 
decline in conductivity between ca. 5400 and 4700 cal. years BP occurred in SS6 and 
Braya SØ associated with a positive precipitation: evaporation ratio (McGowan et al., 
2003). The positive precipitation: evaporation ratio during the mid to late Holocene (6000 
- 2000 cal. years BP) increased lake levels in the region; geomorphological and 
sedimentary evidence from nearby lakes has identified two pluvial periods at ca. 4600 
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and 2000 cal. years BP (Aebly and Fritz 2009). Consequently, it is possible that the lake 
levels increased at SS8 during the Holocene and that the lake was connected to nearby 
lake Hunde SØ, especially during the pluvial episodes. The period of high alkalinity and 
production demonstrated at SS8 during the last 2000 cal. years BP (see MAR in Figure 
7.9) is reflecting the input of aeolian sediments associated with the cooler, arid and more 
windy climate between 1300 - 1100 cal. years BP (Willemse and TÖrnqvist 1999) and 
also at ca. 550 cal. years BP (Willemse et al., 2003).These results may suggest that that 
alkalinity and ontogeny at SS8 are largely influenced by climate directly.  
 
The SS8 Holocene diatom record also provides substantial evidence for changes in 
water alkalinity that may be mediated by climate and changes in the regional 
precipitation: evaporation ratio (Figure 7.4 and Figure 7.9). The zones identified in the 
diatom data highlight key changes in the diatom assemblages (Figure 7.4) which can be 
correlated to the periods of alkalinity identified in Section 7.7.1. For example, the 
moderately high alkalinity values at approximately 8000 cal. years BP are driven by the 
alkaliphilous species Fragilaria brevistriata and Fragilaria construens var. subsalina, and 
the high levels at ca. 6250 cal. years BP are driven by the highly alkaliphilous and often 
halophilous Amphora pediculus (Ryves et al., 2002). The moderately high alkalinity 
values demonstrated for the last 2000 cal. years coincide with high relative abundances 
of Achnanthes conspicua, Fragilaria robusta, and construens var. subsalina which are all 
associated with highly alkaline and saline waters. When the trends in the CA axis 1 
scores are compared to the key transitions in the diatom assemblages, there is a 
correspondence between species indicative of highly saline waters such as Amphora 
pediculus and Achnanthes conspicua which are not reflected in the DI-alkalinity 
reconstruction. This latter point may reflect that the DI-alkalinity reconstruction may not 
be capturing all of the variance in the diatom data.  
 
Prior to 5000 cal. years BP, the F-index is very low indicating that lake water chemistry 
or sedimentary conditions during this time were conducive to high levels of silica 
dissolution. Diatom dissolution has been linked to increases in conductivity and alkalinity 
associated with lake level lowering (Ryves et al., 2001). Dissolution is enhanced when 
lake water pH is high (Lewin, 1960) and is dominated by alkaline earth metals (Barker et 
al., 1994, Reed 1998). At nearby Braya SØ and SS6 there was a complete absence of 
diatoms from the sediment record between ~6500 - 5500 cal years BP, which is thought 
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to reflect the peak of the HTM, lake level lowering, evaporative enrichment and highly 
alkaline and conductive waters which destroyed the diatom valves from the lake at this 
time (McGowan et al., 2003). Whilst SS8 is not a closed lake and is presently a 
freshwater lake, it is possible that in the past lake level lowering associated with a more 
arid climate resulted in longer residence times and more alkaline and conductive waters, 
which resulted in diatom dissolution. Similarly, the high proportion of chrysophyte cysts 
relative to diatoms prior to 6000 cal. years BP, and absence of fucoxanthin (diatoms and 
chrysophytes; Figure 7.6) are the result of high levels of diatom valve dissolution (Figure 
7.9).  
 
The suggestion that SS8 was a closed basin that experienced lake level lowering and 
highly alkaline and conductive waters in the early Holocene (prior to ~6500 cal. years 
BP) is reflected in the high concentrations of myxoxanthophyll (Figure 7.9) and okenone 
(purple sulphur bacteria) . The presence of myxoxanthophyll  in the early Holocene is 
associated with benthic cyanobacterial mats linked to nutrient enrichment from UV 
photolysis of organic matter in the immediate phases of deglaciation (Leavitt et al., 
2003), and the high availability of nutrients and minerals from recently deposited glacial 
material (Hickman et al., 1984, Fritz 1989). Myxoxanthophyll is also associated with high 
UVR, usually due to clear waters because of an absence of allochthonous DOC from a 
barren catchment, or lake level lowering. Under these conditions, cyanobacteria have a 
competitive advantage over other organisms, because they can readily produce UVR 
protective pigments.  At SS6 and Braya SØ similar trends were found in the early 
Holocene, reflecting the importance of processes set in motion by glacial retreat 
(nutrients and base cations washed in from the catchment), and also those determined 
closely by climate such as lake level lowering, the effects of high UVR penetration and 
evaporative enrichment. The trends in myxoxanthophyll mirror those of okenone (purple 
sulphur bacteria) which can indicate anoxia and meromictic conditions due to 
stratification, associated with highly alkaline and conductive upper lake waters at this 
time (Anderson et al., 2008), and light penetration to the benthos (high UVR) due to lake 
level lowering. Okenone is significantly correlated to MAR and CA axis 2 (conductivity) 
(Appendix 4, Table 4.3) suggesting that the inwash or deposition of minerogenic 
sediments promotes biological production, and increasingly alkaline and conductive 
waters, and therefore lake stratification. The deposition of aeolian sediment in the last 
ca. 1000 cal. years BP is also associated with an increase in alkalinity and possible 
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stratification reflected by the presence of okenone (Figure 7.9). The large concentrations 
of okenone up until ca. 5000 cal. years BP, followed by the decline to low values until ca. 
1300 cal. years BP and moderately high values until the present day, reflects the 
increase in alkalinity, conductivity, and production related to the aeolian sediments.  
 
The decline in alkalinity, production and OMAR from high levels at ~ 6500 cal. years BP 
may suggest a degree of biochemical coupling between the lake and the catchment.  
The arrival of Betula nana in the region at ca. 6500 cal. years BP represented a major 
change in the landscape and marked the wetter and cooler conditions that followed the 
peak of the HTM (Fredskild and RØen 1982, Bennike 2000). The development of tundra 
shrub vegetation altered the degree of biochemical coupling between the lake and the 
catchment, rapidly sequestering (possibly in decades) the few available nutrients 
remaining in the terrestrial system, reducing nutrients available to transport to the lake 
(Fredskild 1977, Fredskild 1983) thereby reducing biological production. Biochemical 
coupling between catchments soils, vegetation and lake water chemistry and production 
has been identified as an important driver in determining lake ontogeny trajectories in 
other Arctic and boreal lake studies (Crocker and Major 1955, Jacobson and Birks 1980, 
Engstrom and Fritz 1988, Fritz and Engstrom 1995, and Engstrom et al., 2000). At 
nearby lake SS2 the presence of Betula nana in the catchment explained 9 -17 % of the 
variance in the pigment and chironomid data independent of climatic and biotic factors 
(Anderson et al., 2008). These results suggest that climatic changes can result in 
ecological thresholds being surpassed which can then result in long-term change in the 
ontogeny trajectory of lakes. However, at SS8 the influence of the arrival of Betula nana 
on the oligotrophication of SS8 may be difficult to isolate from lake level increases and 
dilution associated with the positive precipitation: evaporation ratio which also occurred 
at ca. 6500 cal. years BP. 
 
DI-alkalinity is significantly correlated with OMAR and MAR (Appendix 4, Table 4.3), 
indicating that lake alkalinity is influenced by the input of minerogenic sediments and that 
periods of high production and alkalinity are associated with high OMAR. These results 
indicate that OMAR is largely derived from within lake production (Anderson et al., 
2012). For example, the period of peak production between approximately 6500 - 6000 
cal. years BP occurred at the same time as very high values in OMAR (Figure 7.9), 
which coincides with the peak of the HTM in the region and could be interpreted as 
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marking peak the HTM warming in the region (Bennike et al., 2010, Anderson et al., 
2012).  
 
Light penetrated to the benthos of the lake throughout the Holocene until ~1300 cal. 
years BP. However, the UVR index is relatively low during the Holocene indicating that 
water clarity generally poor (Figure 7.9). The short-term variation in the Holocene UVR 
trends could possibly be reflecting changes in water clarity associated with production, 
or water depth related to transitions in Holocene climate. For example, the period of near 
absence of UVR pigments between ca. 6500 - 6000 cal. years BP coincides with a 
period of elevated aridity and the peak of the HTM (Figure 7.9). These climatic 
conditions would have caused lake level lowering, and concentration of nutrients, 
cations, DOC and possibly an increase in biological production in the epilimnion, which 
would have acted to shade out the benthic habitats. Similarity, the timing of the loss of 
UVR pigments in the last ca. 1300 cal. years BP is concomitant with the increase in 
aeolian deposition, suggesting that sediment deposition in the lake reduced water clarity 
and UVR pigment production because of turbidity in the water column and elevated 
production (Figure 7.9). 
 
The role that climate plays in controlling lake level (i.e., aridity and the precipitation: 
evaporation ratio) and therefore water alkalinity and subsequent production in the region 
is demonstrated by the positive relationship of GRIP with CA axis 2 (conductivity) and 
OMAR (Appendix 4, Table 4.3). These correlations suggest that warmer temperatures 
and negative precipitation: evaporation ratios are associated with more conductive and 
alkaline waters, higher levels of biological production and therefore OMAR.  These 
results complement the findings of McGowan et al. (2003) and Aebly and Fritz (2009), 
who attribute changes in the DI-conductivity and sedimentology and geomorphology 
from nearby lakes, respectively, to variations in Holocene climate.  The results also 
support the suggestion that climate directly impacts upon the lake water chemistry and 
biological production at SS8.  
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7.9 The role of climate in determining the ontogeny trends of lake SS8 
The postglacial period (8400 - 7000 cal. years BP)  
The trends in ontogeny during the post glacial period at SS8 are comparative to those 
from lakes in recently deglaciated terrain and in the surrounding area (Engstrom and 
Fritz 1988, Renberg 1990, Fritz and Engstrom 1995, Fritz et al., 2004, Anderson et al., 
2008, Heggen et al., 2010). Alkalinity demonstrated moderately high values in the early 
stages of lake development when production was only moderately high (Figure 7.9). It is 
possible that alkalinity was much higher in the early years of lake development, but high 
rates of dissolution have removed many diatom species from the sediment record, 
preventing accurate DI-alkalinity reconstructions at this time (Figure 7.4). After the 
retreat of the glacier from the catchment (~8000 cal. years BP based upon the 
lithography of the core), large quantities of sediments rich in cations and nutrients 
entered the lake creating alkaline waters, a consequence of the presence of base 
cations (Karst-Riddoch et al., 2005a Karst-Riddoch 2005b) and biological production 
(Schindler 1986). However, maximum production did not occur until the peak of HTM; 
biological production was largely inhibited because of poor water clarity related to large 
quantities of allochthonous sediments entering the lake from a barren and developing 
catchment. Coupled with this more favourable conditions for production, such as an 
increase in the ice-free period occurred during the peak of the HTM (~7000 - 6500 cal. 
years BP). The post glacial period was characterized by cyanobacterial pigments 
associated with highly alkaline waters and high rates of nitrogen fixation 
(myxoxanthophyll) and prolonged periods of stratification initiated by the highly alkaline 
and conductive upper waters, resulting in anoxic bottom waters (okenone) (Hickman 
1984, Fritz 1989, Leavitt et al., 2003, Anderson et al., 2008). Similarly, the absence of 
Chl a between ca. 8000 and 7000 cal. years BP and pheophytin a up until ca. 6500 cal. 
years BP may suggest pigment degradation related to high levels of UVR at this time 
(Figure 7.11).  
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Figure 7.11 The impact of changing climate on the ontogeny of lake SS1381. See Figure 7.12 for a key. 
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As the post-glacial period progressed, climate became increasingly warm and more arid, 
facilitating the development of catchment soils and vegetation. Coupled with this was 
lake level lowering, evaporative enrichment, and increasing alkalinity and production; all 
of which were increasing as climate warmed through to the peak of the HTM (Figure 
7.11). This evidence suggests that the very early stages of lake ontogeny are set in 
motion by glacial retreat, but as time progresses climate controls catchment 
development and directly affects lake production and alkalinity.  
The peak of the HTM (7000 - 6500 cal. years BP)  
Maximum production (OMAR and pigments) occurred between 7000 and 6500 cal. years 
BP before rapidly declining and was associated with a concomitant increase in alkalinity 
(Figure 7.8).  The peak of the HTM was associated with much warmer temperatures and 
higher aridity than any other time during the Holocene (McGowan et al., 2003, Anderson 
et al., 2008, Aebly and Fritz 2009, Bennike et al., 2010, Heggen et al., 2010). It is 
assumed that during this period climate reduced lake levels at SS8, causing it to become 
a closed basin, concentrating nutrients and cations within the lake, and elevating 
production. A warmer climate would have increased the ice-free period and increased 
the biologically productive period (Anderson et al., 2012). Lake level lowering should 
have increased light penetration to the benthos and promoted an increase in UVR 
production. However, the period is marked by a decline in the UVR index to low levels 
and a decline in myxoxanthophyll, perhaps indicating that lake production was 
associated with increasingly turbid conditions or high autochthonous DOC during this 
time. The negative precipitation: evaporation ratio at this time would have limited 
allochthonous DOC export to the lake (Figure 7.11), supporting the suggestion of 
increased biological production and possible sediment reworking at this time. Climate 
directly influenced lake production and alkalinity during the HTM. 
The late HTM (6500 - 4000 cal. years BP) and neoglacial (4000 - 1500 cal. 
years BP) 
Ontogeny trends during the late HTM and neoglacial were similar and there was no 
transition in the proxies during the neoglacial. This period was characterized by low 
levels of biological production (pigments) and DI-alkalinity (Figure 7.9). Three processes 
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are proposed for these trends. Firstly, by the beginning of the late HTM, inputs of 
allochthonous MAR and nutrients were exhausted reducing production and alkalinity. 
Secondly, well developed soils and vegetation, coupled with the establishment of Betula 
nana in the catchment (Fredskild and RØen 1982, Bennike 2000), sequestered any 
remaining nutrients (Figure 7.11) that could be utilized for production (Fredskild 1977, 
Fredskild 1983). Thirdly, the wetter and cooler climate of the late HTM led to a positive 
precipitation: evaporation ratio, which caused an increase in lake level (McGowan et al., 
2003, Anderson and Leng 2004, Aebly and Fritz 2009) and decreased water residence 
times, resulting in the dilution of nutrients and ions in the lake. During the mid HTM and 
neoglacial SS8 was connected to nearby lake Hunde SØ, complicating an interpretation 
of ontogeny at SS8 at this time. The cooler temperatures would have increased the 
duration of ice-cover on the lake, reducing the period of production, and decreasing the 
photosynthetic drawdown of CO2, causing lake pH to decline (Wolfe 2002). Despite the 
climatic deterioration associated with the neoglacial in the region (Heggen et al., 2010), 
the SS8 proxies did not demonstrate any changes at this time. These results suggest 
that neoglacial climate change did not surpass any ecological thresholds in the lake or 
the catchment that had not already been exceeded by climate changes at the end of the 
mid HTM. The SS8 ontogeny trajectory during the mid HTM and neoglacial was 
controlled by a combination of climate directly (an increase in lake level and an increase 
in the precipitation: evaporation ratio) and natural processes of catchment development 
(i.e., the development of soils and vegetation which sequester nutrients), which can be 
viewed as climate affecting ontogeny indirectly.  
The last 1500 cal. years of lake development 
Ontogeny in lake SS8 during the last 1500 cal. years was characterized by an increase 
in DI-alkalinity and production (pigments) until ca. 500 cal. years, after which both 
variables declined (Figure 7.9). The last 1500 cal. years of climate in the Kangerlussuaq 
region was characterized by a warming event at ~1100 cal. years BP (the MWP) 
followed by short lived cooling (the LIA) until between 500 - 50 cal years BP. The climate 
also became increasingly dry and arid during the last 1500 cal. years and resulted in 
aeolian activity in the region. The rapid increase in DI-alkalinity and production during 
the last 1500 cal. years BP are associated with the deposition of aeolian sediments due 
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Figure 7.12 The last 1500 cal. years of lake development at SS1381 and the key for Figures 7.11 and 7.12. 
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to increased windiness between 1300-1100 cal. years BP (Willemse and TÖrnqvist 1999) 
and at ca. 550 cal. years BP (Willemse et al., 2003).The aeolian sediment, derived from 
the sandur plains near the ice margin, acted as a source of nutrients in the oligotrophic 
SS8 and increased biological production and alkalinity until ca. 500 cal. years BP. The 
deposition of the sediments in the lake reduced water clarity and UVR pigment 
production. The increased presence of myxoxanthophyll and okenone during this period 
(Figure 7.8 and Figure 7.6) provide evidence that the increase in alkalinity also promoted 
prolonged periods of stratification (Figure 7.12) and possibly meromixis. These results 
suggest that climate had a direct impact upon the direction and pace of lake ontogeny at 
SS8 during the last ca. 1500 cal. years BP.  
 
7.10 Summary  
 DI-alkalinity and biological production (pigment profiles) at SS8 demonstrate 
broadly comparable trends throughout the Holocene. Four different periods of DI-
alkalinity and production characterize the Holocene at SS8.  
 The period of high alkalinity and production up until ca. 6500 cal. years BP is 
driven by warmer temperatures of the HTM and to some degree the negative 
precipitation: evaporation ratio related to the dominant climatic conditions at this 
time. 
 The decline in production and DI-alkalinity at ca. 6500 cal. years BP until 1500 
cal. years BP is thought to reflect the effect of the cooler and wetter climate of the 
late HTM and neoglacial in the region. After 6500 cal. years BP, climate became 
cooler and wetter, resulting in a positive precipitation: evaporation ratio and an 
increase in lake levels in the region. Combined with this was arrival of Betula 
nana into the catchment which sequestered terrestrial nutrients, eliminating 
nutrient availability for within lake biological production. It is tentatively suggested 
that the prolonged periods of ice-cover during the neoglacial may have also 
decreased pH of the lake during this time.  
 The last 1500 cal. years BP of lake ontogeny at SS8 are characterized by a rapid 
increase in production and DI-alkalinity thought to have been initiated by the 
deposition of minerogenic sediments associated with increased aeolian activity.  
 These results indicate that ontogeny at SS8 is a consequence of climate both 
indirectly and directly at different times during the Holocene, which may even 
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interact to modify development trajectories. For example during the mid 
Holocene (after 6500 cal. years BP), the colder wetter climate increased lake 
level, but changes in the catchment associated with well developed soils and 
vegetation and the establishment of Betula nana, modified the degree of 
biochemical coupling between the lake and the catchment . It is difficult to isolate 
the effect of the arrival of Betula nana from the increase in lake level on the 
oligotrophication of SS8.  
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Chapter 8 : Interpretation and discussion of results for lake 
SS1381 
 
8.1 Introduction  
This chapter presents the results of the sediment proxies analysed from lake SS1381. The 
chronology and age-depth model are presented first, followed by the sedimentary 
parameters, and then the pigment and diatom data. The key trends from the proxies are 
described in Section 8.7, and discussed in relation to Holocene lake ontogeny at SS1381 in 
Section 8.8. A final section highlights how climate during established climatic episodes (the 
HTM, neoglacial and last 1500 cal. years) may have influenced lake ontogeny in south-
western Greenland.  
8.2 Core lithology 
The details of the SS1381 core lithology are summarized below in Figure 8.1. The basal 
sediments, comprising fine purple laminae within glacial clays and non-laminated clays, 
indicate that the ice margin left the catchment by ~8000 cal. years BP. After 8000 cal. years 
BP, lacustrine gyttja was deposited throughout the Holocene. Finely laminated clays 
occurred at ~6750, 6000, and regularly between 3500-1700 and 1100-700 cal. years BP. 
Between 8000 - 8700 cal. years BP the gyttja was a red-brown colour, after which it became 
brown throughout the core.  
8.3 Chronology and Age-Depth Models 
The chronology and age-model for SS1381 (Figure 8.2) is based upon a total of five bulk 14C 
dates (Table 8.1). For details on the methodology used for AMS dating and creation of the 
age-depth model, see Chapter 2. No terrestrial macrofossils were available to constrain the 
14C chronology and therefore it has not been possible to apply a correction to the bulk dates. 
However, confidence in the age model is provided by the good agreement of the radiocarbon 
bulk date at 9 cm with the top of core (2008 AD). The radiocarbon dating of Arctic lake 
sediments is subject to many problems (BjÖrk and Wohlforth 2001). Age determinations of 
bulk lake sediment samples often yield ages too old, for example due to hard water effects 
or reworking of organic material that is older than the timing of sediment deposition.  
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Figure 8.1 Lithology of the core taken from lake SS1381 and key for symbols. The diagram indicates key 
sedimentary and colour changes. 
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The age-depth model produced a maximum age of 8400 cal. years BP for the basal 
sediments, which compares well to other dates of deglaciation in the area (van Tatenhove et 
al., 1996, Bennike et al., 2011) and nearby lake SS8 (Chapter 7). The age-depth model 
suggests generally constant rates of sedimentation throughout the Holocene between the 
base of the core and ca. 3000 cal years BP of 0.7 g cm-2 yr -1, and a slight increase at ca. 
3000 and again at 2000 cal. years BP (Figure 8.3) which may be reflecting the increase in 
MAR in the last 1500 cal. years BP (Figure 8.2).  
 
 
 
Figure 8.2 The age-depth model for lake SS1381 based upon the chronology of AMS 
14
C dates. The model 
was created by Jesper Olsen of Queens University, Belfast. The yellow features are the bulk calibrated 
dates. The central darker green line represents ages based upon the age-depth model and the lighter 
green lines represent the error for each date calculated from the age-depth model.  
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Table 8.1 Details of the samples used to obtain the 
14
C chronology by AMS dating for lake SS1381, upon 
which the age-depth model was based. 
Sample 
code 
Material Lab 
number 
Depth 
(cm) 
14
C Age 
(BP) 
Calibrated 
age 
(years 
BP) 
d
13
C (‰ 
VPDB) 
Model 
age (cal. 
yr BP) 
    
 
   
SS1381-
02-3 
BULK SUERC-
26440 
3.9 294± 37 374±56 -24.3 219±137 
        
SS1381-
02-35 
BULK SUERC-
32432 
35.3 1553±37 1456±49 -29.5 1526±69 
        
SS1381-
02-78 
BULK SUERC-
32433 
78.8 3036±37 3261±59 -29 3356±83 
        
SS1381-
02-129 
BULK SUERC-
32434 
129.2 5220±38 5977±37 -28 6084±89 
        
SS1381-
02B-60 
BULK SUERC-
26441 
176.7 7632± 39 8437±32 -24.3 8429±37 
        
 
8.4 SS1381 physical parameters 
Physical parameters were measured on the SS1381 core (Figure 8.3), at a resolution 
ranging between 6 -14 mm. A total of 175 contiguous samples were analysed for organic 
content (%), minerogenic content (%), and dry/wet mass and used to calculate the organic 
matter accumulation rate, (OMAR), and minerogenic accumulation rate (MAR) for the core 
profile. The elements Ca and Ti (peak area) are also presented from the XRF dataset. The 
main trends characterizing the zones determined by optimal splitting (Chapter 3, Section 
3.6.1) are described in the section below.  
Zone SS1381-S-A (8400 - 8000 cal. years BP) 
The characteristic features of Zone SS1381-S-A (Figure 8.3) were the highest proportion of 
minerogenic sediments in the core (> 95%) and the lowest amount organic (6%) and 
carbonate content (0.6%). DMAR and MAR were the highest at the base of the zone of the 
entire profile, of 0.7 and 0.014 g cm-2 yr -1, and gradually declined throughout the zone. The 
bulk density and dry weight parameters of Zone SS1381-S-A also demonstrated the highest 
values of the core, of 0.7 g cm3 and ~ 45%. OMAR displayed the lowest rates of the core 
(~0.003 g cm-2 yr -1). The elements Ca and Ti were present in the highest quantities (peak 
area) of the core of 1260 and 346, respectively, until ca. 8300 cal. years BP when they 
began to decline.  
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Figure 8.3 The physical parameters of lake SS1381, and Ti and Ca (peak area) from the XRF data. Zones are defined by optimal splitting. 
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Zone SS1381-S-B (8000 - 7490 cal. years BP) 
Zone SS1381-S-B (Figure 8.3) was characterized by a gradual decline in all parameters 
except for OMAR, which gradually increased. High proportions of minerogenic sediments 
(90%) and low proportions of organic (10%) sediment continued to characterize the core. 
Zone SS1381-S-C (7490 - 6200 cal. years BP) 
Zone SS1381-S-C was characterized by a gradual decline in all parameters to moderately 
low values except for OMAR which gradually increased to moderately high values. Bulk 
weight and dry weight declined to low values of ~ 0.2 g cm3 and ~ 20%, respectively, as wet 
weight values steadily increased. Ti demonstrated moderately high peak areas, declining 
slightly throughout the zone, and Ca exhibited moderately high counts with very high values 
of 1150 occurring at ca. 7000 years BP.  The zone comprised mainly minerogenic 
sediments, although in lower proportions than the previous zones (~75%) as the proportion 
of organic content and carbonate content increased to ~25% and 2%, respectively. 
Zone SS1381-S-D (6200 - 3690 cal. years BP) 
All parameters except OMAR declined very slightly throughout Zone SS1381-S-D to the 
lowest values present in the profiles (Figure 8.3).  OMAR demonstrated moderately high 
values throughout the zone with a period of slightly lower rates between 5250 - 4000 cal. 
years BP, which gradually increased to moderately high values. Bulk weight and dry weight 
remained consistently low throughout the zone as wet weight values increased to the highest 
in the zone of ~80%.  The sediment comprised the highest proportion of organic content in 
the core of up to 45% and was marked by the lowest proportion of minerogenic sediments at 
~ 55%. 
Zone SS1381-S-E (3690 -1010 cal. years BP) 
MAR, bulk and dry weight remained comparable to Zone SS1381-S-E (Figure 8.3) whereas 
DMAR gradually increased at the end of the zone.  Wet weight gradually increased to the 
highest proportion of the core of ~ 84%. Ca (peak area) increased relative to the earlier 
sections of the profile although demonstrated moderate variability and Ti (peak area) 
increased slightly compared to Zone SS1381-S-D. OMAR demonstrated high rates 
throughout the zone, increasing to the highest rates in the core at ca. 1400 cal. years BP.  
The sediment in Zone SS1381-S-E comprised mainly minerogenic sediment, demonstrating 
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an increase relative to Zone SS1381-S-D to ~70%, and a decline in organic content ~ 30%. 
The zone exhibited the highest proportion of carbonate of the core, of up to 5%. 
Zone SS1381-S-F (1010 - 0 cal. years BP) 
Zone SS1381-S-F was characterized by the highest OMAR of the entire core of ~ 0.002 g 
cm-2 yr -1 (Figure 8.3). DMAR and MAR increased to very high values at ca. 500 cal. years 
BP before rapidly declining again. Similarly, dry weight increased rapidly until ca. 500 cal. 
years BP before declining again as wet weight demonstrated the inverse trend. Ti rapidly 
increased to high values at 750 cal. years BP before declining again, whereas Ca increased 
and declined throughout the zone. The minerogenic content of the core rapidly increased 
relative to Zone SS1381-S-E to high values of ~90% as organic content decreased to ~10% 
and carbonate rapidly to ~ 1%. 
8.5 SS1381 diatoms  
Diatoms were counted approximately every 4 cm from the SS1381 core providing an 
approximate resolution of a slide every 130-220 cal. years. A total of 130 different species, 
covering 24 genera, were identified. The results from the diatom counts and the associated 
parameters, such as F-index and diatom concentrations are presented in Figure 8.4 and 
Figure 8.5 respectively.  
 Zone SS1381D-A (8400 - 7500 cal. years BP) 
Zone SS1381D-A (Figure 8.4) was dominated in different stages by Cyclotella bodanica var. 
affinis (<80%), Navicula rhynchocephalia and Navicula cryptocephala (<40%) which were 
present in the highest proportions of the core, and smaller proportions of Navicula 
cryptotnella (<10%) and Fragilaria brevistriata (<5%). Fragilaria construens var. venter 
(<40%) appears in its largest percentages in the whole core during the zone. Epithemia spp 
are introduced in small proportions halfway through Zone SS1381D-A. CA axis 1 scores are 
consistent and moderately high throughout the zone of ~ 1 and CA axis 2 scores slightly 
increase throughout the zone. DI-alkalinity (Figure 8.5) rapidly increases from the base of 
the core to the highest in the core of 22,000 μeq L-1 at 7800 cal. years BP before rapidly 
declining again. Diatom concentration was moderately high (~7.7). Conversely, diatom 
dissolution (F-index) was very high (low F-index ~0) during Zone SS1381D-A, indicating that 
all valves demonstrated evidence of dissolution. Diatom diversity (Hill’s N) was very low at 
approximately 5. The high proportion of diatoms that characterized the base of the core 
gradually declined throughout the zone as chrysophte cysts increased. The high proportion  
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Figure 8.4 The relative abundances for diatoms (<5%) from lake SS1381 sorted by weighted averaging by species abundance. The CA axis 1 and 2 sample scores 
are presented at the end of the diagram alongside the DI-alkalinity (μeq L
-1
) reconstruction. The zones were determined by optimal splitting. The Cyclotella rossii 
comensis ocellata complex contains only Cyclotella comensis and ocellata species in lake SS1381. Grey shading indicates poor preservation of diatom valves. 
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Figure 8.5 The LOI (%), diatom dissolution (F-index), concentration (log 10 
6
 g), species diversity measured by Hill’s N (N2), diatom: chrysophyte cyst ratio (%) 
where the proportion of diatoms is represented by black shading and the proportion of chrysophyte cysts are grey, B:P:T or the benthic (black):planktonic 
(grey):tychoplanktonic (white) diatom ratio (%), CA axes 1 and 2 sample scores, and the DI-inferred alkalinity (μeq L
-1
) for lake SS1381. The zones were determined 
by optimal splitting. Grey shading indicates poor diatom valve preservation.
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of benthic diatoms present at the base of the core declined to approximately 20% as 
planktonic species increased at approximately 8000 cal. years BP.   
Zone SS1381D-B (7500 - 7080 cal. years BP) 
Zone SS1381D-A is characterised by a more diverse range of species than Zone SS1381D-
A (Figure 8.4). Amphora libyca and Epithemia spp reached their highest proportions of the 
whole core (<50%), each demonstrating a distinct large peak during the zone. Cyclotella 
abundances reach maximum values comparative to the rest of the core. Fragilaria exigua, 
Anomoeoneis vitrea and Gomphonema spp. occurred for the first time in the core. CA axis 1 
scores increased to the highest in the core of approximately 3 and CA axis 2 scores  
gradually increased throughout the zone (Figure 8.5). DI-alkalinity dropped to very low 
values compared to Zone SS1381D-A of ~ 2000 μeq L-1. Diatom dissolution (F-index) rapidly  
improved during Zone SS1381D-B (high F-index) suggesting that most valves were 
preserved. Diatom concentration declined throughout the zone and diatom diversity 
remained moderately low.  
Zone SS1381D-C (7080 - 5200 cal. years BP) 
Zone SS1381D-C is dominated by Amphora pediculus (>30%), which, with the exception of 
a large peak in Zone SS1381D-D (65%), occurred in its highest proportion of the core 
(Figure 8.4). Cocconeis placentula is the second most dominant species in the zone 
occurring with values up to 20%. Achnanthes minutissima and Cymbella microcephala both 
appeared for the first time in moderately low relative abundances. Anomoeoneis vitrea 
reached its highest proportion of the core (>10%) and Gomphonema angustum and 
Gomphonema.spp were present throughout the zone in moderately low abundances. The 
most marked trend in the zone was the disappearance of Cyclotella bodanica var. affinis for 
the duration of the zone. CA axis 1 scores declined from the high scores demonstrated in 
Zone SS1381D-B as CA axis 2 scores increased to the highest scores of the profile at ca. 
6300 cal. years BP, before gradually declining again (Figure 8.5). DI-alkalinity values 
increased at ca. 7000 cal. years BP to ~4400 μeq L-1 before declining gradually throughout 
the zone to ~ 3300 μeq L-1. Benthic diatoms dominated the zone and the highest proportion 
of chrysophyte cysts in the core occurred during Zone SS1381D-C of ~ 60%. Diatom 
diversity increased during the zone and diatom concentration was moderately high with the 
exception of a decrease at ca. 6600 cal. years BP. Diatom preservation was high during 
Zone SS1381D-C (F-index ~0.6 - 1).  
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Zone SS1381D-D (5200 - 920 cal. years BP) 
Zone SS1381D-D was characterised by large proportions of Cyclotella stelligera complex 
(<70%), Cyclotella bodanica var. affinis (<40%) and Cyclotella comensis rossii complex 
(<35%), although the latter species only occurred between 20 - 55 cm (Figure 8.4). 
Achnanthes minutissima (<18%) and Cymbella microcephala (<15%) were present 
throughout the whole zone in largely constant relative abundances. Anomoeoneis vitrea, 
Navicula cryptotenella, and Fragilaria pinnata were present throughout the zone in small 
proportions. The largest proportion of Amphora pediculus (<70%) occurred at the top of the 
zone; this was otherwise present in very low proportions, or absent (i.e., Zone SS1381C-D). 
Cocconeis placentula, and Epithemia spp were absent from Zone SS1381D-D, Navicula 
cryptocephala and Fragilaria construens var. venter were present in much lower proportions 
relative to the rest of the core. CA axis 1 scores fluctuated at moderately low values and CA 
axis 2 scores were moderately high throughout the zone. DI-alkalinity remained comparable 
to the end of Zone SS1381D-C throughout the zone with the exception of a short-lived 
increase to ~3300 μeq L-1 at ca. 1500 cal. years BP, followed by a decline and increase. The 
proportion of benthic diatoms declined relative to planktonic species and the proportion of 
chrysophyte cysts decreased relative to Zone SS1381D-C.  During Zone SS1381D-D, 
diatom concentration was consistently high, diatom diversity gradually declined and diatom 
dissolution was comparable to Zone SS1381D-C. 
Zone SS1381D-E (920 - 0 cal. years BP) 
The most dominant species of Zone SS1381D-E (Figure 8.4) was Cyclotella bodanica var. 
affinis (<65%) with proportions of Achnanthes minutisima (<20%) comparable to Zone 
SS1381D-D and smaller but consistent proportions of Cymbella microcephala (<5%) and 
Amphora pediculus (<5%). Cyclotella stelligera complex completely disappeared from Zone 
SS1381D-E. DI-alkalinity was moderately high compared to Zone SS1381D-D at ~ 2100 μeq 
L-1 and increased rapidly during the last ca. 100 cal. years BP. Diatom dissolution (low F-
index) was high until ca. 250 cal. years BP when it rapidly improved, diatom concentration 
and diversity declined relative to Zone SS1381D-D. 
8.6 SS1381 pigments  
The sedimentary pigments were analysed every cm providing a resolution of approximately 
40 - 50 cal. years per sample (Figure 8.6). 
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Figure 8.6  Sedimentary pigment concentrations (nmol pigment g
-1
 organic content sediment) and PCA axis 1 and 2 for lake SS1381 and zones determined by 
optimal splitting.
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Zone SS1381P-A (8400 - 8100 cal. years BP)  
Total algal production in Zone SS1381P-A was characterised by moderately high 
concentrations of β carotene and pheophytin a, but lower concentrations of Chl a relative 
to the rest of the core (Figure 8.6). The cyanobacterial pigment myxoxanthophyll was 
present in its highest concentration of the whole core (220 nmol g-1) conversely, 
canthaxanthin, echinenone and okenone (purple-sulphur bacteria) occurred in very low 
concentrations.  The chlorophytes in Zone SS1381P-A are characterised by the highest 
peak in pheophytin b (172 nmol g-1) and moderately high values of Chl b. Alloxanthin, 
diatoxanthin, lutein-zeaxanthin were all present in moderately high values (30 - 130 nmol 
g-1) compared to the rest of the core and fucoxanthin is absent. The UVR index was 
initially low but increased to moderately high values throughout the zone. 
Zone SS1318P-B (8100 - 7000 cal. years BP) 
Zone SS1318P-B is characterised by an initial increase and then a decline in pigment 
concentration throughout the zone (Figure 8.6). Total algal production declined, Chl a 
remained at low levels, pheophytin a was completely absent from the zone for the only 
period in the core, and β carotene initially increased before declining again and 
increasing to high concentrations at the top of the zone. Cyanobacterial pigments 
(canthaxanthin and echinenone) occur in their highest concentrations at the top of the 
zone (750 - 320 nmol g-1, respectively). Okenone also follows this trend, demonstrating 
high values at the zone with concentrations <5000 nmol g-1. Chl b also declines and then 
rises at the end of the zone, although pheophytin b occurred only intermittently in low 
concentrations during Zone SS1318P-B. Alloxanthin, diatoxanthin, and lutein-zeaxanthin 
all declined compared to Zone SS1318P-A, but rose towards the end of the zone. 
Fucoxanthin occurred for the first time at the top of Zone SS1318P-B in low 
concentrations and the UVR index was moderately high. 
Zone SS1318P-C (7000 - 5500 cal. years BP) 
Zone SS1318P-C was characterised by the highest concentrations of all pigments in the 
core, with low or zero pigment values throughout the bottom half of the zone, an 
increase in the middle, and gradually declining concentrations until the end of the zone 
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(Figure 8.6). Fucoxanthin occurred for the first time in the middle of Zone SS1318P-C 
fluctuating between 0 - 40 nmol g-1 and the UVR index was the highest in the core, 
concomitantly with the other high pigment concentrations in the core.  
Zone SS1318P-D (5500 - 3600 cal. years BP) 
The characteristics of Zone SS1318P-D were low pigment concentrations for the first 
half of the zone followed by two large peaks in pigment concentrations comparable to 
those present in Zone SS1318P-C (Figure 8.6). Total algal production was dominated by 
two large peaks in Chl a in high quantities (425 nmol g-1) similar to Zone SS1318P-A. 
Pheophytin a and β carotene fell to very low values relative to the early sections of the 
core. The two distinct peaks that characterise this zone represent quantities 
approximately half of those in Zone SS1318P-B for the cyanobacterial and chlorophyte 
pigments. Alloxanthin, diatoxanthin and lutein-zeaxanthin all occurred in moderately high 
values (70 - 90 nmol g-1) and also increased at the same time as the other pigments in 
this zone. The UVR index declined to its lowest level in the core.  
Zone SS1318P-E (3600 - 0 cal. years BP) 
 Zone SS1318P-E was characterised by a decline in all pigments to their lowest 
concentrations or absence for most of the zone. All pigment concentrations changed 
simultaneously. Pigments that represent total algal production (Chl a, pheophytin a and 
β carotene) all decreased to their lowest concentrations (70 - 90 nmol g-1). The 
cyanobacterial pigment canthaxanthin declined to its lowest concentration, disappearing 
intermittently, and echinenone and myxoxanthophyll were absent from most of the zone, 
occurring in very small quantities periodically. Purple-sulphur bacterial pigments 
completely disappeared from the core during Zone SS1318P-E, and the chlorophyte 
pigments were all present in their lowest concentrations (7 - 10 nmol g-1). Alloxanthin 
and diatoxanthin declined to their lowest concentrations and fucoxanthin and lutein-
zeaxanthin occurred in their lowest concentration only intermittently. 
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8.7 The long-term trends and relationships between the proxies at SS1381 
8.7.1 CA axis 1, alkalinity and lake production 
The diatom CA axis 1 (Figure 8.7) explains 16% of the variance in the fossil diatom 
assemblages at SS1381. The CA axis 1 scores are indicative of the proportion of 
alkaliphilous and acidophilous diatom species present in SS1381 upon which the DI-
alkalinity reconstruction is based (see Chapter 4).   
 
Seven different alkalinity trends characterize the Holocene development of lake SS1381 
(Figure 8.7). A rapid increase in alkalinity of 22.31 μeq L-1 yr-1 occurred between the 
base of the core at 8400 and 7770 cal. years BP which declined rapidly at a rate of 
31.73 μeq L-1 yr-1 until ca. 7250 cal. years BP. Between ca. 7250 and 6500 cal. years BP 
lake alkalinity was variable but demonstrated a slight increase at a rate of 2.18 μeq L-1 
yr-1. From 6500 - 4500 cal. years BP, alkalinity slowly declined from ~ 4100 - 880 μeq L-1 
at a rate of 1.66 μeq L-1 yr-1, and then very slowly decreased until ca.1400 cal. years BP 
at a rate of 0.16 μeq L-1 yr-1. Alkalinity gradually increased 0.66 μeq L-1 yr-1 between 1400 
and 1000 cal. years BP, after which alkalinity remained at ~ 2000 μeq L-1 yr-1  until 250 
cal. years BP when it rapidly increased to the high values in the core of ~4200 μeq L-1. 
 
PCA axis 1 accounts for 63% of the variance in the fossil pigment assemblages at lake 
SS1381 (Figure 8.7) and is indicative of lake production. Most of the pigment groups are 
positively associated with the first axis. These results suggest that high PCA axis 1 
scores are indicative of high concentrations of most pigment groups in the lake. Six 
different phases can be indentified in the PCA axis 1 scores from lake SS1381. Between 
8400 - 7500 cal. years BP PCA axis 1 scores were moderately high and rapidly 
increased until 7250 cal. years BP before dramatically declining at 6500 cal. years BP. 
Axis 1 scores gradually reduced between ca. 6500 - 4500 cal. years BP and rapidly 
increased at 6500 cal. years BP until 3500, after which they remained broadly consistent 
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Figure 8.7 The CA diatom axis 1 scores, the full DI-alkalinity (a) (μeq L-
1
) reconstruction, and (b) a smaller scaled profile of DI-alkalinity to demonstrate 
the detail in the long-term trends, and the PCA pigment sample scores for axis 1 for the lake SS1381 plotted against age (cal. years BP). Pigment PCA 
axis 1 reflects pigment assemblage changes related to lake production. The CA and PCA axis 1 are responsible for 16% and 63% of the variance in the 
diatom and pigment dataset respectively. The dashed lines mark the point of key changes in the profiles.
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 until 1500 cal. years BP. A small scale increase in PCA axis 1 occurred between 1500 - 
1000 cal. years BP and the last 1000 cal. years of lake development were characterized 
by a gradual increase (Figure 8.7). 
 
The timings of the transitions between the six periods of different trends in PCA axis 1 
are comparable to those identified in DI-alkalinity (Figure 8.7); the two variables are 
highly correlated (Appendix 4, Table 4.4). However, the direction and magnitude of 
change demonstrated in the DI-alkalinity and PCA axis 1 scores are only comparable 
after 7500 cal. years BP. Maximum production occurred after maximum DI-alkalinity at 
ca. 6500 cal. years BP. When DI-alkalinity was at its highest at ca. 8400 -7500 cal. years 
BP, production was only moderately high, relative to the rest of the core.  
8.7.2 The CA and PCA axis 2 scores 
The SS1381 PCA (pigments) and CA (diatoms) axis 2 scores demonstrate the inverse 
relationship to each other, although the timings of the large-scale changes are 
simultaneous (Figure 8.8). The long-term trends in CA axis 2 are comparable to the 
long-term trends in PCA axis 1. Between 8400 - 7750 cal. years BP, PCA axis 2 scores 
rise to the highest in the profile and remained high until ca. 7250 cal. years BP, whereas 
the CA axis 2 scores only reach the highest values later in the profile at ca. 6500 cal. 
years BP. The decline in CA axis 2 scores from ca. 6500 until 3500 cal. years BP, 
demonstrated by three different phases, is mirrored by the inverse relationship in the 
PCA axis 2 scores.  
 
CA axis 2 explains 13% of the variance in the fossil diatom data at SS1381 (Figure 8.8). 
Fragilaria pseudoconstruens, Fragilaria brevistriata and Amphora pediculus (high 
scoring species) are benthic species which require good water clarity at depth (Foged 
1973). Similarly, Cyclotella bodanica aff. lemanica, which  is planktonic, has low nitrogen 
tolerances, requires high water clarity and is able to maintain its buoyancy in the 
epilimnion during stratification (Bradbury et al., 1988, Interlandi et al., 1999, Saros et al., 
2003), is a low scoring axis 2 species. These results indicate that CA  
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Figure 8.8 The proportion of benthic diatoms (%), UVR index, the CA (13%) and PCA axis 1 (13.7%) and PCA axis 2 sample scores (63%) for lake 
SS1381.  
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axis 2 may be reflecting diatom response to water clarity and therefore the proportion of 
benthic habitat. Support for this suggestion is reflected by the evidence that between 
7500 - 5500 cal. years BP (Figure 8.8) the diatoms were all benthic species, high levels 
of UVR were reaching the benthos and CA axis 2 scores were also high (Figure 8.4).   
 
The PCA axis 2 scores account for 13.7% of the variance in the fossil pigment data at 
SS1381 and demonstrate the inverse trends of CA axis 2 and PCA axis 1 (Figure 8.8). 
PCA axis 2 is related to Chl a, Chl b and UVR, suggesting that PCA axis 2 represents 
pigment assemblage changes in relation to water clarity at SS1381. Given the 
comparative timing in the transitions between the different  zones in the PCA axis 2 
scores and CA axis 1 and 2, and inverse nature of the long-term trends related to PCA 
axis 1 (production, mainly of benthic diatoms), it is assumed that PCA axis 2 represents 
the changing proportions of planktonic diatoms relative to benthic. For example, the 
large decline in PCA axis 2 scores between 7000 - 5000 cal. years BP occurred 
simultaneously with a complete absence of Cyclotella species from the core (Figure 8.4) 
and a completely benthic diatom system (Figure 8.8). 
 8.7.3 Key trends between production and alkalinity with the sedimentary 
and biological record.   
The long-term Holocene trends in DI-alkalinity and PCA axis 1 are comparable after ca. 
7000 cal. years BP (Figure 8.9), and the two variables are positively correlated (r = 0.53 
Appendix 4, Table 4.4). The long-term trends in DI-alkalinity and PCA axis 1 scores 
(production) are also comparable to those of the MAR and the associated allochthonous 
elements Ti and Ca; all of these variables are highly significantly positively related 
(Appendix 4, Table 4.4). DI-alkalinity and PCA axis 1 do not display comparable long-
trends with OMAR (Figure 8.9), and are not significantly correlated with OMAR. 
However, OMAR demonstrates comparable long-term trends to CA and PCA axis 2 
scores and is positively and negatively correlated to CA and PCA axis 2 scores 
respectively (Appendix 4, Table 4.4).  
 
The long-term trends in PCA axis 1 (production) are comparable to the proportion of 
benthic diatoms, pigments indicative of total algal production (e.g., Chl a) and UVR  
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Figure 8.9 The Holocene trends in the DI-alkalinity (a) (μeq L
-1
) full scale, and (b) reduced scale, CA axis 2, B:P: T (%) the proportion of benthic (B) 
shaded in black, planktonic (P) gray shading and tychoplanktonic (T) white, diatom concentration (10
6
g), pigment PCA axis 1 and 2 scores, Chl a (nmol 
g
-1
), UVR index, OMAR, MAR and Ti (red) and Ti (black) line and GRIP temperatures (Dahl-Jensen et al., 1998). The dashed lines represent the major 
changes in the proxies and parameters. Blue shading marks the peak of the HTM defined by Bennike et al., (2010) and the red lines the beginning of the 
neoglacial (4000 cal. years BP) as define by Bennike (2000) and the last 1500 cal. years BP. 
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(Figure 8.9). PCA axis 1 is significantly positively correlated to the proportion of benthic 
diatoms (r = 0.63) and pigments indicative of total algal production, such as Chl a, 
although negatively correlated to the proportion of UVR (Appendix 4, Table 4.4). These 
relationships suggest that as production in lake SS1381 increased so did the proportion 
of benthic diatoms, total algal production and other algal groups (i.e chlorophytes and 
cyanobacteria). Similarly, whilst not as defined as the trends in PCA axis 1, there is 
evidence for significant correlations between the proportion of benthic diatoms and CA 
axis 1 and 2, demonstrating significant positive correlations of r = 0.60, and 0.59 
(Appendix 4, Table 4.4). The greatest abundance of benthic diatoms between ca. 7250 - 
5500 cal. years BP mirrors maximum values for CA axis 1, 2 and PCA axis 1. However, 
UVR is not significantly correlated to CA axis 1 or 2 (Appendix 4, Table 4.4). 
 
Diatom concentration is not significantly correlated to any of the biological or 
sedimentary parameters (Appendix 4, Table 4.4) and the long-term trends to not 
demonstrate any similarities with timing and magnitude of changes displayed in the other 
variables (Figure 8.9).  
 
Diatom dissolution (F-index) is significantly positively correlated to CA axis 2 and 
negatively correlated to PCA axis 2, DI-alkalinity and the sedimentary parameters MAR, 
Ca and Ti (Appendix 4, Table 4.4).These results suggest that diatom dissolution 
increases with increasing alkalinity, light availability and the proportion of benthic 
diatoms (CA and PCA 2) and allochthonous sediment inwash (MAR).   
 
GRIP (temperature) is significantly positively correlated to PCA axis 1 (production) and 2 
(planktonic diatoms and light availability), alkalinity, MAR and the associated 
allochthonous derived elements Ca and Ti. These results suggest that warmer 
temperatures in the Holocene were associated with higher levels of biological 
production, planktonic diatoms, MAR and the elements Ca and Ti. GRIP is also 
positively correlated to the proportion of benthic diatoms (Appendix 4, Table 4.4). 
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Figure 8.10 Down core changes of the diatom assemblages (red line) plotted passively in a constrained ordination of surface sediment environmental 
space (lakes =coloured circles) with the most statistically significant forward selected variables. The training set lakes are the blue circles. T denotes 
the top of the core and B the base. Dates (in cal. years BP) are presented to indicate the timings of the key shifts in the diatom axis 1 scores. 
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8.7.4 The Holocene changes in SS1381 diatom assemblages in relation to 
the surface sediment training set lakes and dominant environmental 
variables 
The SS1381 fossil diatom data was plotted passively onto a constrained ordination of 
the training set lakes and three most significant environmental variables in the training 
set (see Chapter 5), indicting how the lake has changed through time (Figure 8.10). 
During the early stages of lake development at SS1381 (until approximately 7605 cal. 
years BP), alkalinity rapidly declined. Between 7605 - 6970 cal. years BP the sample 
scores demonstrated that lake water became more alkaline but also changed slightly 
becoming comparable to the inland lakes. The change in the direction of the trajectory 
between 6970 - 6370 cal. years BP suggests that lake level increased and alkalinity 
remained the same. Alkalinity generally declined between 6370 - 987 cal. years BP and 
the high variability in this part of the trajectory may indicate that there were some 
changes in water depth at this time. The last 987 cal. years BP of the trajectory suggest 
that alkalinity rapidly increased again as water clarity increased slightly again. 
8.8 Discussion  
8.8.1 Long-term ontogeny trends at lake SS1381 
After a period of maximum DI-alkalinity at ca. 7750 cal. years BP and moderately high 
DI-alkalinity and peak production between 7000-5000 cal years BP, oligotrophication 
occurred at SS1381. However, the long-term decline in alkalinity and production halted 
at ca. 1500 cal. years BP when both variables increased again. The long-term trends in 
alkalinity and production, until approximately 1500 cal. years BP, are characteristic of 
Holocene lake ontogeny in deglaciated, low Arctic and boreal terrain (Engstrom and Fritz 
1988, Renberg 1990, Fritz and Engstrom 1995, Fritz et al., 2004) and south-western 
Greenland  (Anderson et al., 2008, Heggen et al., 2010).  
 
There is strong evidence for biochemical coupling between the lake water chemistry, 
biological production and allochthonous sedimentary processes during the Holocene at 
SS1381. Biochemical coupling is thought to play an important role in determining the 
direction and pace of long-term ontogeny (Crocker and Major 1955, Pennington et al., 
244 
1972, Jacobson and Birks 1980, Battarbee 1984, Whitehead et al., 1989, Engstrom and 
Fritz 1988, Renberg 1990, Fritz and Engstrom 1995, and Engstrom et al., 2000, Fritz et 
al., 2004). The long term-trends in alkalinity and production at SS1381 are directly 
comparable to the sedimentary parameters for allochthonous derived sediment (DMAR 
and Ca and Ti), all of which are positively correlated (Figure 8.9 and Appendix 4, Table 
4.4).  Highly alkaline and biologically productive waters are a common feature of the 
early stages of lake development in recently deglaciated terrain and are related to the 
availability of large quantities of base cations and nutrients from the raw catchment 
(Pennington et al., 1972, Battarbee 1984, Whitehead et al., 1989, Engstrom and Fritz 
1990, Renberg 1990, Fritz and Engstrom 1995, Wolfe and Hartling 1995, Engstrom et 
al., 2000, Fritz et al., 2004, Norton et al., 2011). Similar evidence for elevated production 
and alkalinity has been found in nearby lakes in the region, including the other three 
lakes investigated for this thesis (Freskild 1983a, Fredskild 1992b, Anderson et al., 
2008, Bennike et al., 2010, Heggen et al., 2010, Perren et al., 2012). High levels of 
biological production can lead to more alkaline waters (Schindler 1986). However, given 
the close relationship between DI-alkalinity, production and MAR at SS1381, it is 
suggested that allochthonous sediment inputs may also have acted as a source of base 
cations and nutrients (e.g., inorganic nitrogen and phosphorous), which promoted both 
alkalinity generation and biological production. The role of allochthonous sediment 
inwash as a mechanism for alkalinity generation has been highlighted in Alpine lakes 
(Karst-Riddoch et al., 2005a Karst-Riddoch 2005b).  
 
The tundra dwarf shrub Betula nana arrived in the inland region at ca. 6500 cal. years 
BP (Anderson et al., 2008, Heggen et al., 2010) and represented a major change in the 
landscape (Fredskild and Roen 1982, Bennike 2000). The arrival of Betula nana in the 
catchment would have sequestered any remaining nutrients available in the catchment 
that could be washed into the lake to promoted biological production (Fredskild 1977, 
Fredskild 1983). Interestingly, biological production (pigments) rapidly declined at ca. 
6500 cal years BP, providing evidence that the availability of nutrients from the 
catchment declined concomitant with the presence Betula nana. These results provide 
evidence that in the early Holocene lake production and alkalinity were largely coupled 
with the catchment which acted as source of nutrients and alkalinity, which later declined 
as the catchment soils and vegetation began to stabilize. However, the timing of the 
arrival of Betula nana at ~6500 cal. years BP makes it difficult to isolate from the effects 
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of lake level increases associated with the wetter and cooler climate at this time 
(Bennike et al., 2010, Heggen et al., 2010,) which may have also acted to dilute nutrients 
and reduce production. 
 
Maximum algal production occurred approximately 500 cal. years after the maximum DI-
alkalinity (Figure 8.9). This lag between maximum production and DI-alkalinity can 
largely be explained by improvements in water clarity, related to the inwash 
allochthonous sediments, and more favorable conditions for production related to the 
peak of warming in the HTM. Allochthonous sediment (MAR) inwash is high from the 
base of the core until ~ 7000 cal. years BP. Concomitant with the high levels of MAR are 
low quantities of UVR, concentrations of all pigment groups, and benthic diatoms (Figure 
8.9). These results suggest that despite the high availability of nutrients in the lake in the 
early Holocene (~7000), water clarity was poor and inhibited the photosynthetic ability of 
organisms to utilize the high quantity of nutrients in the lake. However, water clarity 
improved at ca. 7000 cal. years BP (dramatic increase in UVR and 100% benthic 
diatoms) as the quantity of allochthonous MAR declined, facilitating an increase in 
biological production, as phototrophs were able to harness the high quantities of 
nutrients available from the early Holocene, and a developing catchment. Other climate 
driven changes also promoted the high levels of biological production. It is proposed that 
warmer temperatures (2.5° warmer than summer temperatures today; Abley and Fritz 
2009) promoted a longer ice-free period and caused lake level lowering, increasing light 
availability and benthic habitats in the lake (Figure 8.9). It is also postulated that rates of 
within lake and terrestrial nutrient cycling and nutrient availability increased during this 
period. However, it is likely that nutrient export from the catchment was limited by the 
aridity of the climate at this time. Maximum production lasted for approximately 1500 cal. 
years BP, until 6500 cal. years BP, when the arrival of Betula nana initiated the removal 
of any remaining nutrients in the terrestrial system available for lake production 
(Fredskild 1977, Fredskild and Roen 1982, Fredskild 1983, Bennike 2000, Anderson et 
al., 2008).  
 
The presence of both myxoxanthophyll in the post glacial period and peak of the HTM 
reflects the highly alkaline waters at this time (Figure 8.6). Cyanobacterial mats are 
common in the post glacial lake sediments and are linked to nutrient enrichment from UV 
photolysis of organic matter in the immediate phases of deglaciation (Leavitt et al., 
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2003). Cyanobacteria thrive in highly alkaline and nutrient rich environments because of 
their ability to readily fix nitrogen (Hickman et al., 1984, Fritz 1989) and to survive when 
exposed to highly damaging quantities of UVR. UVR penetration through clear waters to 
the benthos occurs when lake levels fall or when an absence of allochthonous DOC 
permits the penetration of UVR deep into the lake. Under these conditions 
cyanobacteria, such as myxoxanthophyll, readily produce UVR protective pigments, 
giving them a competitive advantage over other algal groups under these conditions.  At 
SS6 and Braya SØ similar trends were found in the early Holocene (McGowan et al., 
2003), reflecting the importance of processes set in motion by glacial retreat (nutrients 
and base cations washed in from the catchment), those determined closely by climate 
such as lake level lowering and evaporative enrichment, and the effects of high UVR 
penetration. The trends in myxoxanthophyll mirror those of okenone (purple sulphur 
bacteria) which can indicate anoxia and meromictic conditions due to stratification, 
possibly associated with highly alkaline and conductive upper lake waters, ( Anderson et 
al., 2008, McGowan et al., 2008), light penetration to the benthos (high UVR) due to lake 
level lowering at this time. 
 
The long-term declining trends in alkalinity and production after ca. 5500 cal. years BP 
are interrupted by two short-lived episodes of increasing production (pigments and PCA 
axis 1) and alkalinity between 4500 - 3500 and 1000 - 0 cal. years BP (Figure 8.9). 
However, the increase in alkalinity at 1000 cal. years BP is more defined than the event 
between 4500 - 3500 cal. years BP. The increase in production at 4500 - 3500 cal. years 
BP is not mirrored by an increase in MAR or large increase in DI-alkalinity, but it does 
coincide with an increase in the proportion of benthic diatoms (Figure 8.9). One possible 
explanation for this episode of increased production is that lake level rose, increasing the 
availability of benthic habitat (demonstrated by the increase in benthic diatoms at this 
time), and lake area available general with-in lake production (reflected in the pigment 
profiles). An increase in lake level between 4500 - 3500 cal. years BP is plausible given 
that a pluvial period has been identified from sedimentological and geomorphological 
evidence (Aebly and Fritz 2009), DI-conductivity reconstructions (McGowan et al., 2003) 
and isotope records (Anderson and Leng 2004) ca. 4500 cal. years BP from other lakes 
near to SS13181. The increase in lake production and alkalinity from ca. 1500 cal. years 
onwards is concomitant with large increases in MAR and Ca and Ti. The increases in 
MAR, Ca and Ti relate to a period of enhanced aeolian activity at this time (Willemse and 
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TÖrnqvist 1999, Willemse et al., 2003) and possible short-term catchment deterioration 
relating to the LIA (ca. 500 cal. years BP). The introduction of aeolain sediments into 
SS1381 acted as a source of nutrients and base cations which promoted high alkalinity 
and production in the lake. This episode of increased production and alkalinity is 
synonymous of early post-glacial phase in lake ontogeny, whereby the high abundance 
of raw sediments, base cations and nutrients lead to a peak in lake production and 
alkalinity. These results demonstrate that the direction and pace of lake ontogeny can be 
changed by the direct impact of regional climate change on the lake system. 
 
The long-term trends in OMAR are positively correlated to CA axis 2 (proportion of 
benthic diatoms) (Appendix 4, Table 4.4), suggesting that OMAR may be reflecting OM 
derived from within lake production at SS1318 (Anderson et al., 2012). OMAR is not 
correlated with, nor does it mirror the trends in, the other biological proxies or 
sedimentary parameters (Figure 8.9). However, OMAR does demonstrate some broadly 
comparable trends with the pigments and diatoms as a proxy for production at different 
parts of the profile. For example, total algal production (PCA 1) was low until ca. 7000 
cal. years BP when it gradually increased as did CA axis 2 scores. Similarly, the last 
1500 cal. years BP are characterized by an increase in algal production (PCA axis 1) 
and the highest quantities of OMAR, which may reflect increases in algal production and 
possibly the input of material from aeolian sediments (Willemse and TÖrnqvist 1999, 
Willemse et al., 2003).    
 
There is some evidence that warmer temperatures during the HTM (up until ca. 5500 
cal. years BP) were associated with higher proportions of benthic diatoms and total algal 
production (Figure 8.9); the variables are statistically positively correlated (Appendix 4, 
Table 4.4). Many researchers have suggested that an increase in the proportion of 
benthic diatoms and in particular Fragilaria species in Arctic lakes reflect warmer 
temperatures and an increase in the ice-free period (Douglas and Smol 1993, Douglas 
and Smol 1995, Wolfe 1996, Lim 1999, Sorvari et al., 2002). During the peak of the HTM 
the lake was dominated by benthic diatom communities (Figure 8.9), which is related to 
an increase temperatures and the ice-free period. However, at SS1381 it is proposed 
that other climate mediated factors were also important in the presence of a benthic 
diatom community. For example, the period of ~100% benthic diatom abundance was 
also correlated to lake level lowering, very clear water conditions (high UVR), nutrient 
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availability (production) and alkalinity; all of which favour alkaliphilous benthic diatom 
communities. Therefore, the suggestion that it is solely the effect of climate on the ice 
free period that dictates dominance of benthic (Fragilaria spp) is perhaps overly 
simplistic; climate also changes other parameters that can affect the biology of Arctic 
lakes.  Similarly, the proportion of planktonic diatom species is negatively correlated to 
GRIP temperatures. Planktonic diatom species have commonly been linked to increased 
air and water temperatures in Arctic lakes (WeckstrÖm et al., 2007b, Pienitz et al., 1995, 
Findlay et al., 1998, Pienitz et al., 1999 Schmidt et al., 2004, WÜnsman et al., 2005). 
These results make a direct cause and effect relationship between temperature and the 
benthic and planktonic Holocene diatom communities in SS1381 diatoms improbable; 
highlighting the complexity of the role of climate Arctic lake biology. 
 
8.9 The role of climate in determining the ontogeny trends of lake SS1381 
The postglacial period (8400 - 7000 cal. years BP)  
During the early phases of lake development, SS1381 followed a comparable trajectory 
to other lakes in recently deglaciated terrain (Engstrom and Fritz 1988, Renberg 1990, 
Fritz and Engstrom 1995, Fritz et al., 2004) and in the surrounding area (Anderson et al., 
2008, Heggen et al., 2010). The early phase of ontogeny at SS1381 is therefore 
characterized by high alkalinity generated from the inwash of minerogenic sediments, 
base cations and nutrients from the raw and recently deglaciated catchment. Biological 
production did not directly mirror the peak in alkalinity (8000 - 7500 cal. years BP), but 
instead was only moderately high (Figure 8.9). Biological production is thought to have 
been low at this time due to the large quantities of allochthonous sediments entering the 
lake system, as the catchment stabilized and developed soils and vegetation, which 
acted to reduce light availability in the lake and limit photosynthesis, and also less 
favourable conditions than the peak of the HTM (Figure 8.11). The presence of 
cyanobacterial pigments reflects the high alkalinity of the waters at this time. Similarly, 
the presence of okenone indicates that the highly alkaline waters were possibly stratified 
and anoxic in the hypolimnion (McGowan et al., 2008). As the post-glacial period 
progressed, climate was becoming increasingly warm and more arid, facilitating the 
development of catchment soils and vegetation. This evidence suggests that the early 
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stages of lake ontogeny are largely set in motion by glacial retreat, but as time 
progresses climate influences catchment development. 
The peak of the HTM (7000 - 6500 cal. years BP)  
At SS1381, the peak of the HTM was characterized by moderately high DI-alkalinity, 
relative to the post-glacial period, and maximum biological production from 7000 - 5500 
cal. years BP. Peak production lagged behind maximum alkalinity by about 500 cal. 
years BP until the peak of the HTM, and was high for approximately 1000 cal. years 
(Figure 8.9). Climate was warm and arid during the peak of the HTM (Bennike et al., 
2010), with summer temperatures 2.5°C higher than present (Aebly and Fritz 2009). 
These climatic conditions caused a negative precipitation evaporation ratio, which 
reduced lake levels in the region, resulting in enhanced evaporative enrichment and 
increased production and alkalinity (not as high as immediate phases of post glacial). 
Coupled with lake level lowering were an improvement in water clarity, an increase in the 
ice free period, and rates of nutrient cycling and decomposition in the lake (Figure 8.11). 
The peak of the HTM generated climate mediated catchment responses and lake 
changes which were favourable for high levels of biological production (Figure 8.9). 
Ontogeny during the HTM was largely driven by climatic changes which influenced the 
lake directly (lake level lowering) and also indirectly (e.g., the development of vegetation 
and rates of nutrient cycling).  
The late HTM (6500 - 4000 cal. years BP) and neoglacial (4000 - 1500 cal. 
years BP) 
At 6500 cal. years BP production and alkalinity declined until 1500 cal. years BP (Figure 
8.9). These changes are related to the climate driven changes in the catchment and the 
direct impact of climate upon the lake. The source of nutrients that were entering the 
lake from the catchment and the initial pulse in the early Holocene (MAR) was declining 
as vegetation and soils developed and stabilized throughout the HTM. Coupled with the 
onset of the cooler and moister conditions in the region was the arrival of the dwarf 
shrub tundra species Betula nana (ca. 6500 cal. years BP) which sequestered any of the 
remaining nutrients away from the lake (Fredskild 1977, Fredskild and Roen 1982, 
Fredskild 1983, Bennike 2000). Both these processes indirectly reduced lake alkalinity 
and production. Further to this, the wetter and cooler climate and associated positive 
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Figure 8.11 The impact of changing climate on the ontogeny of lake SS1381. See Figure 8.12 for a key. 
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precipitation evaporation balance increased lake level (McGowan et al., 2003, Anderson 
et al., 2008, Aebly and Fritz 2009, Bennike et al., 2010, Heggen et al., 2010) which acted 
to dilute any nutrients and ions in the lake. Higher lake levels, combined with associated 
increases in allochthonous DOC from a developed catchment, also reduced light 
penetration to the benthos (UVR), and planktonic diatoms increased in abundance 
(Figure 8.11). A rapid and large increase in production is demonstrated by the pigments 
and the DI-alkalinity between ca. 4500 - 3500 cal. years BP. This increase in production 
is thought to relate to a known pluvial episode in the area (McGowan et al., 2003, 
Anderson and Leng 2004, Aebly and Fritz 2009), which increased the proportion of 
available benthic habitat and increased production (Figure 8.9). 
 
There is no evidence to suggest that neoglacial cooling had a direct impact on lake 
ontogeny at SS1381 (Figure 8.11). It is possible that the changes that occurred in the 
catchment and the lake after the HTM had already surpassed ecological thresholds. 
Therefore, the onset of neoglacial cooling had little impact on the lake and the 
catchment.   
The last 1500 cal. years of lake development 
The last 1500 cal. years BP of lake ontogeny demonstrated an arrest in the 
oligotrophication trends present since the end of the peak of the HTM, a rapid increase 
in DI-alkalinity and an evident but small increase in production compared to DI-alkalinity 
(Figure 8.9). The large increase in MAR during this period is thought to reflect the 
increased deposition of aeolian loess during the last 1500 cal. years which ended at 
approximately 500 cal. years BP (Willemse and TÖrnqvist 1999, Willemse et al., 2003), 
associated with the increased windiness in the region at this time (Figure 8.12).  The 
deposition of the aeolian sediments into the lake and catchment acted a source of 
cations and nutrients into an oligotrophic system (Karst-Riddoch et al., 2005a Karst-
Riddoch 2005b).However, it is proposed that the large input of sediment into the lake at 
this time reduced water clarity and limited a large-scale response to the input of 
nutrients. This latter point is reflected by small increase in the pigments (cf. the response 
of the pigments in lake SS8). It is also possible that the climatic deterioration associated 
with the LIA between ~ 500 - 0  cal. years BP caused vegetation and soils to become 
destabilized (Heggen et al., 2010) and release trapped nutrients, base cations and 
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Figure 8.12 The last 1500 cal. years of lake development at SS1381 and the key for Figures 8.11 and 8.12. 
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organic matter into the lake, temporarily. It is postulated that the increase in OMAR 
during the last 1500 cal. years reflects an increase in allochthonous organic sediments 
related to catchment deterioration, not an increase in lake production (which was limited 
by low light penetration into the lake).  The last 1500 cal. years BP of lake development 
at SS1381 are important, because they indicate how long-term trends in lake ontogeny 
can be temporarily halted or changed by climatically controlled factors, and specifically 
how different variables may respond differently to the same driver (e.g., DI-alkalinity 
increased but production only slightly increased).  
8.10 Summary 
 Long-term oligotrophication took place during the Holocene at the end of the 
peak of the HTM at ca. 6500 cal. years BP at SS1381. 
 Two short-lived interruptions to the long term decline in alkalinity and production 
occurred between 4500 - 3500 and 1500 - 0 cal. years BP. The former event is 
thought to relate to a pluvial period that occurred in the region at this time, and 
the latter event the influence of increased aeolian deposition and changes in the 
catchment related to the end of the LIA. 
 Maximum production lags behind peak alkalinity by approximately 500 cal. years. 
This is thought to be the consequence of poor water quality, which reduced the 
photosynthetic capacity of the phototrophic communities in the lake, and less 
favourable conditions than the peak of the HTM.  
 Maximum production occurred during peak of the HTM when higher 
temperatures increased the ice-free period, nutrient cycling and lowered lake 
level. These climate mediated changes provided more favourable conditions for 
production than at any other time in the lakes history. 
 The impact of climate mediated terrestrial catchment changes upon lake water 
chemistry, nutrient availability and production are illustrated by the arrival of 
Betula nana in the catchment at the end of the peak of the HTM (~ 6500 cal. 
years BP). The introduction of the dwarf tundra shrub Betula nana into catchment 
was responsible for the long term decline in production and alkalinity until ca. 
1500 cal. years BP. However, it is difficult to isolate the arrival of Betula nana 
from the effects of the cooler and wetter climate which increased lake level at this 
time. 
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 A period of lake level increase associated with an increase in benthic production 
is correlated to a known pluvial episode in the region. 
 The correlations between OMAR and the other biological and sedimentological 
proxies and parameters at SS1381 largely suggest that OMAR is derived from 
within lake production. However, it is proposed that during the last ca. 1000 cal. 
years BP the increase in OMAR is derived from allochthonous sources linked to 
climate mediated catchment deterioration. 
 The rapid increase in alkalinity in the last 1500 cal. years BP is related to 
increased aeolian deposition. However, the input of aeolian sediments did not 
cause an associated increase in production because it resulted in a decrease in 
water clarity and limited photosynthesis in the lake.  
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Chapter 9 : Discussion - Holocene ontogeny trends in 
south-western Greenland.  
 
9.1 Introduction 
The aim of this chapter is to answer the hypotheses set out in Chapter 1 and to explore the 
role that climate plays in determining the ontogeny trends of lakes in south western 
Greenland. The results from this thesis have highlighted that catchment specific factors can 
be important in determining short-term ontogeny trends; there is an additional section after 
the hypotheses that discusses this. The chapter concludes with a summary about how Arctic 
ontogeny should be conceptualised. 
9.2. Hypothesis 1: Trends in biological production and pH will be comparable 
within and between the two inland lakes and within and between the two 
coastal lakes.  
AT1 demonstrates a comparable long-term decline in alkalinity and production after 7000 
cal. years BP when oligotrophication occurred (Figure 9.1). Prior to ca. 7000 cal. years BP, 
the trends in alkalinity and pH are not comparable at AT1. Maximum alkalinity occurred in 
the immediate postglacial period ca. 10,000 - 9000 cal. years BP and is not mirrored in 
production, which demonstrates maximum values 1000 cal. years BP later between 8000 - 
7000 cal. years BP. Similar trends are present at AT4. After ca. 8000 cal. years BP a gradual 
decline in alkalinity and production occurred, indicating oligotrophic and increasingly acidic 
waters. However, AT4, like AT1, demonstrated a de-synchronisation between production 
and alkalinity in the early Holocene. Maximum production occurred ca. 9000 cal. years BP 
and maximum alkalinity was demonstrated at ca. 10,000 cal. years BP. Production was low 
but variable from 4000 cal. years BP onwards and demonstrated a rapid increase in the last 
500 cal. years BP. Both lakes demonstrate a decoupling between alkalinity and production in 
the early Holocene and a decline in both production and alkalinity from ca. 7000 - 8000 cal. 
years BP onwards. However, at AT4 the decline in production is variable from ca. 4000 cal. 
years BP onwards.  
 
The offset between production and alkalinity in both of the coastal lakes is thought relate to a 
combination of an improvement in water clarity and photosynthesis, combined with climate-
mediated catchment and lake changes that provided favourable conditions for production in 
256 
 
 
Figure 9.1 A comparison of the timing and magnitude of changes in the pigment production (PCA 1) and DI-alkalinity (μeq L
-1
) within the four study lakes, 
demonstrated by black and red lines respectively. Pigments are presented in black and the diatoms are presented in red. N.B. low PCA axis 1 scores at SS8 are 
indicative of high levels of w  ithin lake production. 
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Figure 9.2 A comparison of the timing and magnitude of changes in production (pigments PCA 1) and DI-alkalinity (μeq L
-1
) within the two study regions 
demonstrated by black and red lines respectively, to identify whether the lakes are demonstrating comparative long-term ontogeny trajectories. SS8 and SS1381 
(a) presents full DI-alkalinity reconstruction for lake SS1381 and (b) presents a reduced scale of SS1381 DI-alkalinity to show the detail in the long-term trends.  
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the HTM. Similarly, the onset of oligotrophication and the decline in production was 
controlled by climate, although the catchments and therefore lakes responded differently 
because of catchment specific factors. The variability in production at AT4 during the last ca. 
4000 cal. years BP also reflects catchment specific responses to climate forcing.  
 
Lake SS1381 demonstrated comparable trends in alkalinity and production after 7000 cal. 
years BP, indicating that the lake has experienced oligotrophication (Figure 9.1). Although, 
maximum production and alkalinity were not comparable in the early Holocene; maximum 
alkalinity preceded maximum production (ca. 7000 - 5500 cal. years BP). Interestingly, the 
Holocene trends in declining alkalinity and oligotrophication at SS1381 were interrupted by 
an increase in alkalinity and production between 4500 - 4000 cal years BP, and during the 
last~1500 cal. years BP. Similarly, at SS8 trends in alkalinity and production are comparable 
throughout the Holocene. Production and alkalinity were low in the immediate phases of 
deglaciation and both increased to maximum values between ca.7000 - 6500 cal. years BP. 
There is evidence for an increase in DI-alkalinity in the mid-Holocene ca. 4000 cal. years BP 
and both DI-alkalinity and production increased in the last ca. 1500 cal. years BP.  
 
The long-term trends in alkalinity and production are comparable within and between the 
inland lakes. However, SS1381 demonstrates an increase in production between 4500 - 
6500 cal. years BP, which is not reflected in the DI-alkalinity or in lake SS8. The long-term 
ontogeny trends at the inland lakes reflect catchment and lake response to regional climate 
forcing; the short-term increase in production at SS1381 at ca. 2000 cal. BP reflects how 
lake catchment differences can result in differential responses between lakes under the 
same climate forcing.  
 
There are short-term differences between the coastal and inland lakes, and differences in 
the timing and duration of certain events identified in the data. For example, the onset of 
oligotrophication occurred much earlier at the coastal lakes than inland (SS1381, 5500 cal. 
years BP, SS8, 6500 cal. years BP, AT1, 7000 and AT4, 8000 cal. years BP).Production and 
alkalinity both rapidly increase during the last 1500 cal. years BP of lake ontogeny at the two 
inland lakes, a feature which is not present in the coastal trajectories. The similarities in the 
long-term trends between the four lakes reflect lake response to regional climate forcing in 
the two contrasting study areas, and that site specific differences between lakes cause 
differences in the short-term, related to climate and lake response to different thresholds in 
the lake-catchment system.  The role of Holocene climate upon lake ontogeny of the four 
study lakes is discussed in section 9.4. 
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9.3 Hypothesis 2: The lakes in the coastal region will demonstrate decreasing 
biological production and pH throughout the Holocene, whereas the inland 
lakes will demonstrate increasing biological production and pH throughout the 
Holocene. 
The results from this thesis indicate that all four study lakes demonstrate comparable long-
term ontogeny trends characterized by a maximum in production and alkalinity in the early 
Holocene, followed by progressive oligotrophication. However, short-term differences occur 
between the lakes and the pH and production of inland lakes increases in the last 1500 cal. 
years BP, which reverses the long-term oligotrophication trend in the inland lakes. 
 
Both AT4 and AT1 demonstrate a decline in alkalinity and production from ca. 7000 and 
8000 cal. years BP (Figure 9.1 and Figure 9.2). Similarly, the inland lakes also indicate a 
decline in production and alkalinity from ca. 5550 and 6500 cal. years BP at SS1381 and 
SS8, respectively, although, they also demonstrate an increase in alkalinity and production 
during the last 1500 cal. years BP. The similarities in the long-term ontogeny trends of the 
four lakes suggest that the lakes are responding to regional climate forcing. The onset of 
oligotrophication in the lakes coincided with the end of the HTM and the return to cooler and 
wetter conditions, which directly and indirectly affected the ontogeny of the lakes. The period 
of increased production and alkalinity during the last 1500 cal. years BP at the inland lakes 
reflects the input of aeolian sediment and possible lake level lowering which altered the 
alkalinity and production of the lakes (Figure 9.1 and Figure 9.2). The aeolian activity and 
lake level lowering during the last 1500 cal. years BP were the result of a predominantly arid, 
cool and windy climate, the deflation and deposition of ice marginal loess, and a negative 
precipitation: evaporation ratio. The increased windiness is reflected in the Na+ from the 
GISP ice-core record (Figure 9.4). The coastal lakes are located too far from the ice margin 
to have been affected by this period of aeolian activity (Figure 9.3).  
 
The long-term ontogeny trends of the coastal lakes are comparable to those from other lakes 
in the coastal region, adding further evidence for regional climate forcing as the driver behind 
the trends (Figure 9.3). For example, a decline in Chl a at coastal lake SS49 indicates a 
decline in production from ca. 6000 cal. years BP (Perren et al., 2012). Coupled with this 
was a switch to a more acidiophilous diatom community and an increase in the C:N ratio 
(Perren et al., 2012). This evidence suggests that at ~ 6000 cal. years BP there was a 
decline in nutrient availability (oligotrophication) and production and an increase in 
allochthonous carbon from the catchment, indicating catchment deterioration. The decline in 
total sulphur from lake Sisi 15 (outside of Sisimiut) supports the suggestion of a wetter and 
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cooler climate at ca. 6000 cal. years BP (Figure 9.3). It is proposed that the decline from 
high to low quantities of sulphur (derived from close proximity to the sea) reflects more 
precipitation and increased flushing of the coastal lake systems at this time, than earlier in 
the early Holocene when climate was warmer and more arid (Wagner and Bennike 2012). 
Although the onset of oligotrophication is later at SS49 than AT4 and AT1, the long term-
trends are comparable, suggesting that the same forcing mechanism was controlling 
ontogeny at the coastal lakes (Figure 9.3). The later onset of oligotrophication at SS49, the 
timing of which is more comparable to that of the inland lakes, may reflect the more inland 
and sheltered location from the coast of SS49 than lakes AT1 and AT4 (Chapter 1, Figure 
1.6); SS49 may have experienced favorable conditions for production longer during the 
HTM. Interestingly, SS49 demonstrates comparable trends in the occurrence of Cyclotella 
stelligeria and Cyclotella comensis rossii complex to lake AT1. Specifically, Cyclotella 
stelligeria occurred at both AT1 and SS49 during the early Holocene when alkalinity, 
production and nutrients were highly available in both AT1 and SS49. The presence of 
Cyclotella comensis rossii complex concomitant with a decline in production (Chl a and 
increased catchment erosion) and increasingly acidic waters at SS49 (Perrren et al., 2012), 
is comparable to the timing and conditions of the occurrence of this species at lake AT1.  
 
The long-term oligotrophication trends demonstrated at the inland lakes are comparable to 
those of other freshwater lakes in the area (Figure 9.4). The trends in SS8 and SS1381 of 
high alkalinity in the early Holocene, a delay in maximum production until the peak of the 
HTM, followed by the onset of oligotrophication are also reflected in the DI-alkalinity and 
production trends from nearby lake SS2 (Figure 9.4) (Anderson et al., 2008). SS2 also 
demonstrated trends of increasing production and alkalinity during the last ~1500 cal. years 
BP (Figure 9.4) which are comparable to SS8 and SS1381. The similarity in the long-term 
trends of the study sites to other freshwater lakes in the region indicates that climate forcing 
is responsible for the long-term ontogeny trends in these lakes. However, the long-term 
ontogeny trends of the inland freshwater lakes lakes (e.g., SS8, SS1381 and SS2) are not 
comparable to the closed basin, oligosaline lakes such Braya SØ and SS6, which 
demonstrated variable but increasing production and DI-conductivity (therefore alkalinity) 
after ~ 4000 cal. years BP (McGowan et al., 2003). This increasing trend in DI-conductivity is 
in apparent conflict with a cooler and wetter climate during this time; oligosaline lakes are 
unique in their ontogeny trends and respond differently than the freshwater open lakes to the 
same climate forcing. The reasons for the disparity between regional climate and DI-
conductivity after ca. 4000 cal. years BP are thought to relate to variations in short-term 
climate during this time, increased sensitivity of oligosaline closed basins relative to open 
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Figure 9.3 A comparison of the biological ontogeny (DI-alkalinity (μeq L
-1
) demonstrated by a red line and PCA axis 1 demonstrated as a black line), and 
sedimentary parameters (OMAR and MAR (g cm
2
 yr
-1
) for the coastal lakes. Also presented are regional climate proxies for the coastal lakes; total sulphur from 
Sisi 15 (Wagner and Bennike 2012), Na+ (ppb) from GISP2 (Mayewski et al., 2004), the Chl a concentration (nmol g
-1
) and the C:N ratio from coastal lake SS49 
(Perren et al., 2012), GRIP temperature (Dahl-Jensen et al., 1998) and June summer insolation at 60°N (W/m
2
)(Berger and Loutre 1993).  The blue shading marks the 
peak of HTM warming (Bennike et al., 2010) and the black lines across the plots mark the beginning of the neoglacial and the last ~1500 cal. years BP. 
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Figure 9.4 A comparison of the biological ontogeny (DI-alkalinity (μeq L
-1
) demonstrated as a red line and PCA axis 1 demonstrated as a black line) and 
sedimentary parameters (OMAR and MAR (g cm
2
 yr
-1
) from the inland study lakes. Also presented are regional climatic proxies; the Braya SØ, δ18O (Anderson and 
Leng 2004) and DI-conductivity (McGowan et al., 2003) records, PCA and DCA 1 and DI-alkalinity from lake SS2 (Anderson et al., 2008), GRIP temperature (Dahl-
Jensen et al., 1998) and June summer insolation (W/m
2
) at 60°N (Berger and Loutre 1993). The blue shading marks the peak of HTM warming (Bennike et al., 2010) 
and the black lines across the plots mark the beginning of the neoglacial and the last ~1500 cal. years BP. The dashed line at 6500 cal. years BP represents the 
first presence of Betula nana in the inland region (Bennike 2000).
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freshwater basins, and within lake processes which respond and interact with climate 
variables in a non-linear manner (McGowan et al., 2003, McGowan et al., 2008). 
 
The long-term ontogeny trends of the inland lakes suggests that lakes under continental 
settings, during the long-term, do not always tend towards enrichment and higher rates 
of biological production as proposed in the early ontogeny research literature (Pearsall 
1921, Deevey 1942), unless they are closed basin and oligosaline. Consequently, it is 
suggested that the inland and the coastal lakes demonstrated increasing production and 
alkalinity during the HTM, and declined thereafter when climate became less warm and 
wetter. This is important because it highlights that under certain climatic conditions, 
thresholds in the catchment and the lakes will be surpassed, causing considerable 
increases to production and alkalinity. The variations in the timing and duration of the 
maximum production and the subsequent onset of oligotrophication indicate that 
differences in the lake settings result in different thresholds and mechanisms of change, 
which result in short-term differences between lakes under the same climate forcing. The 
role of climate forcing on the ontogeny trajectories of the four study lakes will be 
explored in hypothesis 9.4. 
9.4 Hypothesis 3: Biological and chemical changes within the lakes will be 
synchronous with known climatic episodes in the region, e.g., the HTM, 
neoglacial and LIA (or the last ca.1500 cal. years BP). 
The influence of climate on low Arctic lakes can only truly be studied under constant 
climate forcing.  Holocene climate has been highly variable. However, the timing and 
characteristics of known Holocene climatic changes have been established in south 
western Greenland, facilitating a comparison of ecological responses to known climatic 
drivers under two contrasting climatic settings. The discussion below outlines and 
assesses to what extent the long-term ontogeny trends of the study sites are due to 
climate.  If climate is the main driver of ontogeny in the two contrasting climatic regions, 
the ontogeny trajectories should be comparable with the two study areas. The 
discussion is broken up into the postglacial period, the peak of the HTM, the neoglacial 
and the last 1500 cal. years BP. Except for the post glacial period each section is 
separated into the coastal and the inland lakes.  
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9.4.1 The post glacial period (the first ~1000 cal. years)  
The early post-glacial periods of lake development in the study lakes are comparable 
and are associated with the early stages of ontogeny in deglaciated terrain (Figure 9.3 
and Figure 9.4). It is suggested that the inwash of large quantities of nutrients and base-
rich cations from the recently deglaciated catchment is the driver of this stage of 
ontogeny (Fritz et al., 2004, Anderson et al., 2008, McGowan et al., 2008), which results 
in high levels of biological production and alkalinity. However, ontogeny research 
suggests synchrony between allochthonous sediment inwash, alkalinity and production 
(Fredskild 1983a, Anderson et al., 2008, Fritz et al., 2004). Interestingly, the study lakes 
reveal that an initial increase in lake water alkalinity is concurrent with the inwash of 
allochthonous sediment, but the maximum increase in production is delayed and does 
not occur until after maximum alkalinity, around the time of the peak of HTM warming 
(Figure 9.3 and Figure 9.4). The period of minerogenic inwash lasts approximately the 
same period of time at the coastal lakes (~700 years) and inland (400 years), 
irrespective of climatic setting. The similarities in the duration of the large quantities of 
MAR may reflect that the catchments began to stabilize and develop soils and 
vegetation on similar time scales at the coast and inland after deglaciation, related to 
increasing temperatures and aridity.  These results indicate that the early period of post-
glacial ontogeny is largely the result of processes set in motion by glacial retreat, and in 
the later stages the impact of climate on soils and vegetation development. 
9.4.2 Evidence in the proxy records for the 8.2 ka event 
Transitions in some of the proxy records from the two coastal lakes may provide 
evidence of catchment and ecological responses to the 8.2 ka event. Similar evidence 
for the impact of the 8.2 ka event at the inland lakes is not apparent. At lake AT1 there 
was a complete disappearance of Cyclotella stelligera, from high relative abundances 
(~40 - 0%), followed by a large increase (see Figure 5.4, chapter 5) at ~8.2 cal. years 
BP. Cyclotella stelligera is a planktonic species which requires prolonged ice-free 
periods and alkaline, nutrient rich waters (Saros, et al., 2003, Ruhland et al., 2003, Smol 
et al., 2005, RÜhland et al., 2008, Winder et al., 2008, Enache et al., 2011). A temporary 
disappearance of Cyclotella stelligera may reflect a loss of the ice-free period because of 
the cooling associated with the 8.2 ka event. The rise in Fragilaria pinnata, a species 
which can adapt to low nutrient availability and often dark turbid waters with limited light 
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availability, at ~ 8.2 ka also indicates an increase in the duration of ice cover (Smol, 
1983, Perren et al., 2003) on lake AT1. Similarly, the decrease in Fragilaria tenera, 
which is commonly found in turbid, alkaline, open waters with high nutrient availability 
and allochthonous sediment inputs (Corella et al., 2011), prior to ~ 8.2 ka could reflect 
increasingly long periods of ice cover in the years preceding the 8.2 ka event. The small 
increase both Cyclotella stelligera and Fragilaria tenera after ~8.2 ka could reflect both 
warming air temperatures and an increase in the ice-free period, and a nutrient pulse 
from the inwash of allochthonous sediments as climate rapidly ameliorated. The short-
lived increase in DI-alkalinity at ~8.2 cal. years BP indicates warmer air temperatures, 
increased ice-free periods, increased biological production and larger availability of 
nutrients from the catchment at the end of the 8.2 ka event. A decline in LOI (%) at ~ 8.2 
cal. years BP (Figure 5.3 Chapter 5) also suggests that there was a decline in lake and 
catchment biological production related to cooling. Very poor diatom preservation (F-
index =0), is demonstrated between ~ 8.6 and 8.2 ka years BP (Figure 5.5 Chapter 5). 
However, it is unknown why changes associated with the 8.2 ka event would cause poor 
diatom preservation between ~ 8.6 and 8.2 ka years BP. One suggestion may be that 
increased allochthonous sediments inwash from increased weathering in the catchment 
caused abrasion and dissolution of the diatom valves at this time. UVR pigments occur 
only after 8.2 ka (Figure 5.6, Chapter 5) reflecting both a decrease in the period of ice 
cover and reduced allochthonous sediment inputs during the early Holocene. 
 
At lake AT4, there is also evidence for the 8.2 ka event in both the sedimentary 
parameters and diatom record. The sedimentary parameters demonstrate a decrease in 
organic sediments (LOI %) and an increase in minerogenic sediments (MAR and 
minerogenics %) and an increase in Ca at ~8.2 ka years BP (see Figure 6.3, Chapter 6). 
The colder, drier climate of the 8.2 ka event increased the period of ice-cover on lake 
AT4, and resulted in a decrease in nutrients transported from the catchment (bound up 
in the frozen soils and limited water to transport them to the lake). A decline in light, 
nutrients and open water on the lake therefore reduced within lake production and 
OMAR and LOI (%). The correspondent increase in MAR and Ca reflects enhanced 
erosion and degradation during the 8.2 ka event. A large increase in the relative 
abundance of Fragilaria pinnata (figure 6.4, Chapter 6) reflects an increase in the 
duration of ice cover from ~8200 - 7500 cal. years BP (Smol, 1983, Perren et al., 2003). 
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The proxy records of the four lakes demonstrate different ecological and catchment 
responses to the 8.2 ka event. The coastal lakes, especially lake AT1, demonstrate 
changes in the biological and sedimentological proxies in response to the 8.2 ka event. 
Conversely, at inland lakes SS8 and SS1381, there is no clear evidence for changes in 
the proxies at ~8.2 ka. The low resolution of the diatom data (4 cm) from the inland lakes 
may account for an absence of any changes in the diatom records at ~8.2 cal. years BP. 
However, the inland lakes were formed ~8600 cal. years BP and it is likely that the lakes 
experienced a localized, cold climate due to the close proximity of the ice sheet before 
the 8.2 event, when it is likely that climate intensified; the inland lakes were “buffered” 
from the 8.2 ka event. The four lakes were exposed to the same climate forcing but 
variations in lake setting, e.g., geomorphology, vegetation cover, and location (inland or 
at the coast) and proximity to the ice sheet, resulted in different sensitivities or 
thresholds and different responses to the same climate forcing.  
9.4.3 The HTM (~9000 - 4000 cal. years BP) 
The HTM was characterized by much warmer conditions in south western Greenland 
than any other time in the Holocene (Figure 9.3 and Figure 9.4). Specifically, the HTM 
lasted from ca. 9000 cal. years BP - ~4000 cal. years BP (Kelly 1985, Funder and 
Fredskild, 1989, Willemse and TÖrnqvist, 1999, Dahl-Jensen et al., 1998, Bennike, 
2000), when the neoglacial began. However, macrofossil, geomorphological, isotope 
and DI-conductivity evidence from the inland lakes suggests that there was a peak of 
warming and aridity between ca. 7000 - 5600 cal. years BP (Anderson and Leng 2004, 
McGowan et al., 2008, Aebly and Fritz 2009, Bennike et al., 2010). The period of aridity 
correlates with an increase in Na+ (Figure 9.3 and Figure 9.4) reflecting an expansion of 
the north polar vortex or increased meridional flow (O’Brien et al., 1995). At the inland 
study region these conditions resulted in a negative precipitation: evaporation ratio and 
caused lake level lowering and evaporative concentration of nutrients and ions, elevating 
biological production. After 5600 cal. years BP the climate became was less warm 
relative to the peak of the HTM, and wetter (Anderson and Leng 2004, McGowan et al., 
2008, Aebly and Fritz 2009). This change in climate resulted in a positive precipitation: 
evaporation ratio and an increase in lake levels in the inland region. Less data are 
available for Holocene climate at the coastal region. However, macrofossils and 
geochemistry indicate that the climate was also warm and drier during the period 
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between 10,000 - 4700 cal. years BP, with the peak of warming and aridity occurring 
from ~10,000 - 7000 cal. years BP (Wagner and Bennike 2012). At the coast the 
presence of high quantities of sulphur between ca. 10,000 - 7000 cal. years BP reflects 
the input of sea spray (Figure 9.3) and limited hydrological flushing of these coastal lake 
systems due to the more arid climate at this time (Wagner and Bennike 2012). 
Consequently, it is assumed that the coastal region experienced similar climate to the 
inland region climate during the Holocene although was characteristically wetter and 
cooler. 
The coastal lakes  
The two coastal lakes demonstrate a peak in Holocene production after the maximum 
alkalinity (Figure 9.3), but this was much earlier at AT4 (ca. 9000 and 8000 cal. years 
BP) than at AT1 (ca. 8000 and 7000 cal. years BP). At AT4, the peak in production 
occurs immediately after the post-glacial maximum in alkalinity and allochthonous 
sediment inwash (MAR), whereas at AT1 it occurred much later after the peak in MAR. 
The offset between maximum alkalinity and production in the two coastal lakes may be 
because of increased water turbidity associated with the large volumes of allochthonous 
sediment entering the lakes, which reduced light penetration in to the lake for 
photosynthesis. However, differences in the timing of the peak in production between 
AT1 (8000 cal. years BP) and AT4 (9000 cal. years BP) probably reflect differences in 
the onset of favourable conditions for production in the lakes, related to site specific 
differences and micro-climate. Specifically, AT1 is a higher altitude lake and it is likely 
that it will always be cooler than AT4. Consequently, it is possible that maximum 
production only occurred at AT1 at the peak of the HTM when temperatures were warm 
enough to cause thresholds to be exceeded in the lake and catchment. Whereas at AT4, 
conditions were favourable for peak production earlier because of the location and site 
specific factors of the lake. At AT4 the warming climate prior to the HTM acted to reduce 
the period of ice-cover, thereby increasing biological production sooner. Coupled with 
this was earlier vegetation and soil development, which sequestered nutrients and 
trapped any remaining base-cations (e.g. the decline in production ca. 8000 cal. years 
BP). Conversely, at AT1 an increase in the ice-free period, vegetation and soil 
development is not likely to have occurred until later on, when peak warming was able to 
push ecological thresholds in the catchment. The difference in timing in the peak of 
production between AT4 and AT1 highlights how lakes under the same climatic regime 
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can respond differently to climate forcing because of catchment specific factors, and 
differences in microclimate. AT1, as a higher altitude lake than AT4, is more robust to 
climate change, and can only be affected by significantly warmer temperatures because 
it is already buffered by a very cold and wet climate. The difference in the HTM between 
the two coastal lakes highlights the importance of catchment specific factors for lake 
ontogeny trajectories.  
 
Both coastal lakes demonstrated similar timings in the onset of oligotrophication (~6000 
cal. years BP), which is thought to relate to a cooler and wetter climate after the peak of 
the HTM at ca. 7000 cal. years BP (Figure 9.3). This change in climate acted to initiate 
processes which would further intensify oligotrophication and maintain low alkalinity at 
the two coastal lakes. Interestingly, the climate change affected the two catchments 
differently and caused contrasting biological and physical changes. At ~6000 cal. years 
BP, lake AT1 stopped experiencing any further alkalinity loss and production had 
reached its lowest level, where it remained for the rest of the Holocene (Figure 9.3).  
This transition to an oligotrophic and acidic lake was marked by a switch to a 
predominantly benthic diatom system, and a large decrease in OMAR; the decline in 
production is positively correlated to the decline in OMAR (r = 0.79; Chapter 5). It is 
suggested that this transition was initiated by the cooler and less arid climate that 
followed the peak of the HTM which, coupled with the low temperatures because of 
altitude, resulted in the die back of any established vegetation in the catchment and the 
development of tundra. Coupled with this was the loss of DOC, cations and nutrients 
from the catchment, as they were trapped in the tundra and caught up in the extensive 
soaks that developed around the edge of the lake. This caused the lake waters to 
become very clear, and facilitated a predominantly acidiophilous benthic diatom 
community to develop. Conversely, at AT4 the onset of prolonged oligotrophication in 
the lake at ~6000 cal. years BP (Figure 9.3) is not as clearly defined. For example, the 
decline in DI-alkalinity is mirrored by the progressive decline of the proportion of benthic 
diatoms relative to planktonic. This could indicate that more DOC was present in the 
water after 6000 cal. years BP, inhibiting extensive benthic communities (which are 
limited by light) from developing, and supporting the presence of acidiophilous planktonic 
species such as Cyclotella rossii comensis ocellata complex. It is proposed that after the 
HTM at AT4 that the slightly cooler and wetter climate led to an exhaustion of 
allochthonous nutrients and base cations, and an increased export of DOC from the well 
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developed catchment and soils. It is suggested that one of the main reasons the lakes 
responded differently to the same climate forcing was the difference in hydrology and 
vegetation that was experienced at the two lakes, because of site specific differences. At 
AT1 precipitation would run off frozen ground, unable to transport trapped nutrients, 
base-cations and DOC trapped in the tundra or would rapidly freeze upon contact. At 
AT4 the increased availability of precipitation and reduced aridity caused well developed 
soils and vegetation and facilitated the transport of DOC to the lake. The onset of 
oligotrophication at the lakes was initiated by the same climate forcing, but was 
mediated differently at the two lakes due to site specific differences. 
Inland lakes  
The inland lakes demonstrate comparable ontogeny trends during the HTM (Figure 9.4). 
During the postglacial rise in alkalinity, related to high quantities of allochthonous base 
rich and nutrient rich sediments, production was low due to the poor water clarity and 
less favourable conditions than later in the HTM. Maximum production occurred later 
between ca. 7000 and 6000 cal. years BP in both lakes. However, the high rates of 
dissolution in the diatom record at SS8 during this time are thought to reduce the DI-
alkalinity values. At both lakes, maximum production is concomitant with the peak of the 
HTM (7000 - 6500 cal. years BP; Bennike et al., 2010), which was associated with arid 
and very warm temperatures (Figure 9.4), a negative precipitation: evaporation ratio, and 
lake level lowering, which probably acted to enhance the nutrients and ions in the lakes 
by evaporative enrichment between 7000 - 5600 cal. years BP (Anderson and Leng 
2004, McGowan et al., 2008, Aebly and Fritz 2009). The period of low production in the 
inland lakes between ~5500 - 4000 was associated with a cooler and wetter climate 
relative to the peak of the HTM, and resulted in a positive precipitation: evaporation ratio 
and an assumed increase in lake level of SS8 and SS1381. However, SS8 is located at 
a much lower altitude than SS1381 and is thought to have been connected to nearby 
lakes Hunde SØ and Braya SØ, which formed a much larger lake system during pluvial 
periods (McGowan et al., 2008, Aebly and Fritz 2009). The pluvial period at both SS8 
and SS1381 is reflected by the lowest DI-conductivity and highest δO18 at Braya SØ, 
supporting the presence of a pluvial at this time (Figure 9.4). Consequently, it is likely 
that, during the late HTM, SS8 formed a much larger lake, which may have implications 
for interpreting the SS8 ontogeny at this time because the lake may be recording the 
history of a much larger lake system. At SS8 production decreased up until 4500 cal. 
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years BP before gradually increasing again. This may reflect the effect of an increase 
and subsequent decrease of lake level on lake production. Conversely, SS1381 
demonstrated a decline in production and DI-alkalinity throughout the HTM, but was 
interrupted by an increase in production between 4500 - 3500 cal. years BP. The 
increase in production is not mirrored by an increase in DI-alkalinity and is interpreted as 
an increase in lake level and an extension of the benthic zone in the lake. The difference 
in location of the lakes and catchment geomorphology promoted different short-term 
responses to climate-mediated changes and temporarily affected the ontogeny trends of 
the two lakes. These results highlight that inland, the lakes are closely coupled with 
regional climate; lakes are responding comparatively to regional climate forcing, and that 
the mechanism for change is the effect of climate on the precipitation: evaporation ratio. 
Different short-term ontogeny trends in the lakes are the result of site specific factors 
which modify the effect of climate parameters upon lakes differently depending upon 
setting (e.g. lake level changes and processes of evaporative enrichment).  
 
The period between ~5700 - 4000 cal. years BP was wetter and cooler than the peak of 
the HTM, causing lake levels to increase (Anderson and Leng 2004, McGowan et al., 
2008, Aebly and Fritz 2009). It is likely that increasing levels caused dilution of ions and 
contributed to the decline in nutrients and DI-alkalinity at this time. However, Inland, 
Betula nana became established in the landscape at ca. 6500 cal. years BP and marked 
a significant change in the landscape (Fredskild 1977, Fredskild and Roen 1982, 
Fredskild 1983, Bennike 2000). At nearby freshwater lake SS2, the onset of 
oligtrophication is connected to the arrival of Betula nana in the catchment, which 
sequestered available nutrients in the soils, reducing the availability of nutrients for lake 
biological production (Anderson et al., 2008). At lake SS1381, the decline in DI-alkalinity 
and production begins at ca. 6500 cal. years BP, where it is likely a combination of the 
development of vegetation and soils at the end of the peak of the HTM and the arrival of 
Betula nana caused this decline in production. At lake SS8 similar evidence is presented 
in the proxies; DI-alkalinity and production decline from ca. 6000 cal. years BP, which is 
likely to mark the establishment of the Betula nana in the catchment (Figure 9.3). 
However, the impact of the arrival of Betula nana on the two inland lakes probably 
cannot be isolated from two other factors which may have also acted to reduce lake 
production and nutrient availability. It is possible that lake level increases and the 
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establishment of stabilized vegetation and soil systems in the catchments also acted to 
dilute and decrease the availability of nutrients in the lakes.  
9.4.4 The Neoglacial (~4000 - 1500 cal. years BP) 
Inland, the onset of the neoglacial has been dated to approximately 4000 cal. years BP 
and is associated with a cooler and wetter climate (Fredskild 1985, Anderson et al., 
1999, Bennike 2000, Anderson et al., 2008). At the coast there is little evidence for a 
cooling event in the palaeo record at 4000 years BP (Wagner and Bennike 2012). 
However, macrofossil and geochemical evidence suggests that climate was also cooler 
and wetter at the coast at this time (Perren et al., 2012, Wagner and Bennike 2012).  
 
At lake AT1 there is no evidence in the biological or sedimentological record of 
catchment disturbance or biological change at ca. 4000 cal. years BP (Figure 9.3). The 
large scale transitions that occurred in the lake and the catchment at ca. 6000 cal. years 
BP (Figure 9.3) are attribited to climatic changes after the peak of the HTM. The lack of 
any inflection in the proxies at the onset of neoglaciation at AT1 may reflect that regional 
cooling did not surpass any ecological or sedimentary thresholds in the lake or the 
catchment, that had not already been surpassed by the change in the climate at 6000 
cal. years BP.  Conversely, at AT4 there does appear to be evidence of climate induced 
changes in the biological and sedimentological record, although slightly earlier than 4000 
cal. years BP, at ca. 4700 cal. years BP (Figure 9.3). At ~4500 cal. years BP production 
was generally low but demonstrated a large amount of variablity for the rest of the 
Holocene, concurrent with this was a rapid increase in the volume of organic matter in 
the lake. The lake at this time was becoming progressively oligotrophic and production 
was low but variable. Therefore, it is proposed that the large increase in OMAR at this 
time is indicative of climatic deterioration and diminution of vegetation and soils to 
tundra, leading to a large amount of periodic sediment inwash at this time (Anderson et 
al., 2012). Periods of increased erosion and catchment instability have been linked to 
climatic deterioration in the Faroe Islands  (McGowan et al., 2008, Olsen et al., 2010). 
The variable nature of production in the lake, perhaps reflects the ecological response to 
periods of sedimentological inwash or the return to tundra and seasonal inwash of 
nutrients in the summer thaw.  A similar increase in TOC was associated with climatic 
deterioration of the neoglacial in lake Sisi15 (Wagner and Bennike 2012). The difference 
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in the response to the neoglacial at the coast reflects differences in catchment sensitivity 
to climatic perturbations related to baseline climate at the lakes and differences in 
geomorphology; site specific differences can initiate different responses to the same 
climate forcing and modify lake ontogeny. The evidence also suggests that neoglacial 
cooling may have begun earlier in the coastal region (~6500 cal. years BP) than inland, 
suggested by other studies in the inland region (~4000 cal. years BP; Anderson et al., 
1999, Bennike 2000). 
 
The inland lakes do not show any demonstrable evidence of the onset of a cooler and 
wetter climate at 4000 cal. years BP (Figure 9.4). However, the increase in lake level at 
~4500 cal. years BP at SS1381 may be a response to the cooler and wetter conditions 
of the neoglacial in the region.  Similar evidence is provided by the closed basin 
oligosaline lakes Braya SØ and SS6, which did not demonstrate any long-term trend in 
DI-conductivity between ca. 4000 - 1500 cal. years BP (McGowan et al., 2003). Instead, 
they exhibited high frequency oscillations in DI-conductivity, thought to reflect short-term 
climatic variations which were amplified by within-lake process (e.g., meromixis). These 
results are in conflict with the suggestion that climate was cooler and wetter during the 
neoglacial, which should have led to an increase in lake level and a decline in DI-
conductivity.  
9.4.5 The last ~1500 cal. years BP  
This period of the Holocene was associated with increasingly cool, windy and arid 
conditions (Willemse and TÖrnqvist 1999, Willemse et al., 2003). A warm period was 
identified in the GRIP temperature record at ca. 1300 cal. years BP (MWP) and was 
accompanied by an increase in aeolian activity in the inland region between 1300-1100 
cal. years BP. A cooling trend began after 1100 cal. years BP which culminated in the 
LIA event at ca. 500 cal. years BP, a peak in aeolian activity also occurred during the 
LIA (Willemse and TÖrnqvist 1999, Willemse et al., 2003).  
The coastal lakes 
The coastal lakes demonstrated biological change during the last ca. 1500 cal. years BP 
of development, indicating cold conditions and periods of prolonged ice cover. For 
example, at AT1, Aulacoseira spp occurred for the first time at ~1500 cal. years BP and 
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at AT4 the abundance of Aulacoseira increased from the low relative abundances of the 
neoglacial. The planktonic and acidiophilous Aulacoseira species are poor competitors 
for nutrients and are associated with colder conditions and periods of prolonged ice 
cover (Smol 1988, Wolfe 1994, WeckstrÖm et al., 1997b, Michellutti et al., 2007). At AT1, 
DI-alkalinity and overall algal production did not increase during the last 1000 cal. years 
BP. However, chlorophyte production was high between ca.1100 to 500 cal. years BP, 
possibly reflecting a shift to photoplankton algal groups beneath the ice where light was 
more available at this time. Similarly, cyanobacteria and bacteriochlorophyll a increased 
during the last 1000 cal. years BP, compared to the mid Holocene, indicating prolonged 
periods of stratification under ice, anoxia, poor light and nutrient availability in the lake at 
this time (Antoniades et al., 2009). At AT4, an increase in production occurred during the 
last 500 cal. years BP, which is thought to relate to an improvement in climate and 
catchment disturbance after the LIA which was associated with an influx of nutrients 
(Figure 9.3). These results indicate that the same climatic forcing can result in 
contrasting lake development trajectories because of site specific factors which “filter” 
climate differently.  
The inland lakes 
Clearly defined and comparable changes occurred in the production and DI-alkalinity 
SS8 and SS1381 at ca. 1500-500 cal years BP (Figure 9.4). Specifically, the inland 
lakes demonstrated increasing production and alkalinity from ca. 1500 cal. years BP. It is 
proposed that the increase in production and DI-alkalinity in the two oligotrophic 
freshwater lakes (SS8 and SS1381) at this time was the result of aeolian sediment 
deposition (Willemse and TÖrnqvist 1999, Willemse et al., 2003), which contained 
nutrients and base-cations that acted as a source for biological production and alkalinity 
generation, and possible lake level lowering which caused concentration of nutrients and 
ions in the lakes. However, other lakes in the region demonstrate varied biological and 
chemical responses to the climate and associated aeolian activity during the last 1500 
cal. years BP. Nearby oligosaline Braya SØ demonstrates an increase in DI-alkalinity 
during the last ~1500 cal. years BP (McGowan et al., 2003), which is interpreted as a 
biological and chemical response to the input of nutrients and base-cations from aeolian 
activity at this time. An increase in production is also reflected in the pigment record at 
this time (McGowan et al., 2008). Interestingly, biological production increased during 
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the last 1000 cal. years BP in lake SS6, despite DI-conductivity declining slightly during 
this period (McGowan et al., 2008). At freshwater lake SS2 there was a decline in 
organic matter during the last 1000 cal. years, a slight increase in diatom DCA axis 1 
and no change in DI-alkalinity (Anderson et al., 2008). The decline in organic matter may 
reflect aeolian sedimentation in the lake at this time, although it appeared to have had 
minimal effect on lake production and alkalinity (Figure 9.4). Conversely, at freshwater 
lake SS16, production and alkalinity declined during the last 1500 cal. years BP, which is 
attributed to lower temperatures and precipitation and a more arid environment, and 
acted to reduce vegetation cover and increase soils erosion in the lakes, washing in 
large amount of inorganic and aeolian sediment (Heggen et al., 2010). These contrasting 
results indicate that lakes can respond differently to the same climate forcing. This is 
thought to reflect differences in the baseline conditions of the lakes and therefore their 
sensitivity to environmental stressors, such as aeolian input. 
9.5 Hypothesis 4: In the lakes with vegetated catchments, the onset of 
oligotrophication will coincide with the arrival of Betula nana and 
neoglacial cooling in the region, causing a decline in pH and production at 
ca. 6500 cal. years BP. 
Evidence from both the coastal and the inland lakes suggests that the development and 
establishment of vegetation can initiate the onset of oligotrophication. However, the 
effects of vegetation development may be difficult to isolate specifically from the impact 
of the cooler and wetter climate on the lakes and their catchments at the end of the 
HTM, which may also have played an important role in initiating oligotrophication.  
 
The development of catchment vegetation at the study sites is considered a response to 
natural catchment ontogeny and also the result of climate forcing. After the retreat of a 
glacier from a catchment, under constant climate forcing, soils and vegetation will 
develop through a series of succession stages. Increasing temperatures and moisture 
availability can facilitate this process. In south-western Greenland progressive soil and 
vegetation development accompanied the rising temperatures and aridity until the peak 
of the HTM. At both the coastal and inland lakes, the result of stable and well developed 
soils and vegetation would have been a decline in the availability of base-cations and 
nutrients, causing a decline in alkalinity and production. The development of soils and 
vegetation is also associated with DOC export from the catchment to the lake, which 
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causes further alkalinity decline and can impact upon light availability to the benthos. At 
the coastal lakes, where peat is more common, it possible that larger quantities of DOC 
would have been exported to the lake because of the greater availability of water in the 
catchment, further contributing to the declining alkalinity of the lakes. Conversely, inland, 
the drier and warmer climate leads to limited soil development. Thin soils, coupled with 
limited runoff in the catchments leads to limited allochthonous DOC inwash. Inland, DOC 
is derived from autochonous sources and is usually clear because of bleaching by 
photodegradation (Anderson and Stedmon 2007). At the coastal lakes, the onset of 
oligotrophication occurred at ca. 6000 cal. years BP (Figure 9.3), which reflects the time 
when catchment vegetation and soils were well established and began to sequester 
nutrients away from the lake. At the two inland lakes, oligotrophication began at ~6000 - 
6500 cal. years BP (figure 9.4). It is suggested that this marks the stabilization of well 
developed soils and vegetation at the end of the peak of the HTM, which trapped 
nutrients and initiated oligotrophication.  
 
It may not be possible to isolate the effect of vegetation development on 
oligotrophication from neoglacial cooling in both the coastal and inland region, and the 
arrival of Betula nana inland (Figure 9.4). The onset of oligotrophication in both the 
inland and coastal lakes coincides with the cooler and wetter climate of the neoglacial 
which would have also initiated increased leaching of nutrients and a dilution of available 
nutrients and cation in the lakes. Inland, it is also difficult to isolate the effect of 
established and stabilized vegetation and soils from the arrival of Betula nana, which 
represented a major change in the landscape (Fredskild 1977, Fredskild and Roen 1982, 
Fredskild 1983, Bennike 2000). Betula nana is responsible for the onset of 
oligotrophication at ca. 6500 cal. years BP in nearby lake SS2 (Anderson et al., 2008), 
where its presence in the catchment was associated with increased sequestration of 
nutrients and a decline in production. However, oligotrophication inland may have been 
the result of a combination of the three factors, rather than just the presence of Betula 
nana in the region. At the coast, Betula nana was not present until 4500 cal. years BP 
and was not as prevalent as inland (Wagner and Bennike 2012). Consequently, because 
oligotrophication was initiated much earlier than the arrival of Betula nana at the coast, it 
is assumed that the Betula nana did not influence the ontogeny of the coastal lakes.  
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The onset of oligotrophication coincides with the establishment and stabilization of 
vegetation. However, it is not possible to isolate the impact of vegetation specifically 
from the cooler and wetter climate after the peak of the HTM or the arrival of Betula nana 
at the inland sites.   
9.6 Was it just alkalinity driving the long-term changes in the diatom 
assemblages in the four study lakes?  
The alkalinity reconstruction for the four study lakes suggests that alkalinity declined 
after maximum values in the early Holocene, and with the exception of some small scale 
differences between the lakes, continued to decline throughout the Holocene (Figure 9.3 
and figure 9.4). However, at the inland lakes there was an increase in alkalinity in the 
last ~1500 cal. years BP (Figure 9.4). Alkalinity was identified as the most statistically 
significant environmental variable in the training set, responsible for explaining the 
greatest amount of variance in the contemporary diatom assemblages (see Chapter 4). 
However, there are other environmental variables that are statistically significant in 
explaining the variance in the training set, such as location (conductivity; see Chapter 4 
and Chapters 5, 6, 7 and 8) and max lake depth (water clarity; see Chapters 5, 6, 7 and 
8). Consequently, alkalinity may have been the most significant variable driving the 
diatom assemblages throughout the Holocene, but other environmental factors may 
have also been important. The influence of these secondary environmental variables 
(e.g. max depth and location) may have been more important than alkalinity at certain 
episodes during the lakes’ histories. 
 
If alkalinity were the most significant driver in all four lakes, consistently throughout the 
Holocene, it would be expected that the fossil sample scores would track along the first 
axis as alkalinity increased or decreased. However, the lakes’ histories are varied and 
are driven by variables other than alkalinity during the Holocene (Figure 9.5).  The 
coastal lakes’ trajectories are similar and demonstrate changes in diatom communities 
relating predominantly to changes in alkalinity. The fossil assemblages’ sample scores 
for both AT1 and AT4 demonstrate a rapid increase in alkalinity during the first ~1500 
cal. years BP of formation, followed by a decline in alkalinity for the rest of the Holocene 
(Figure 9.5). For example, until ~8100 cal years BP the fossil diatom assemblages are 
indicative of highly alkaline waters, after which becoming less alkaline throughout the  
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Figure 9.5 The down core changes of the fossil diatom assemblages from the four study lakes 
plotted passively in a constrained ordination of surface sediment environmental space with the most 
statistically significant forward selected variables (grey arrows). Lake AT1 (red line), lake AT4 (blue 
line), lake SS138 (yellow line) and lake SS8 (green line). The black circles represent the training set 
lakes, T the top of a core and B the bottom. Dates indicating the timing of the major changes in 
trajectory are presented. 
 
 
Holocene (Figure 9.5). Similarly, the AT4 sample scores demonstrate sample scores 
indicative of highly alkaline waters until ~ 9800 cal. years BP. The sample scores for AT1 
also demonstrate changes in diatom assemblages related to water clarity (max depth), 
suggesting that after the maximum of Holocene alkalinity in the early Holocene (Figure 
9.5), light availability was also an important variable for the diatom communities. The 
sample scores from AT4 are highly variable in the latter Holocene, indicating that light 
availability may have also been an important variable for diatom communities in the lake 
during this time. The sample scores for the inland lakes are variable and do not 
demonstrate similarities in their long-term trends. The early Holocene, the SS8 sample 
scores demonstrate diatom assemblages indicative of lake waters experiencing 
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declining alkalinity and water clarity after ~5800 cal. years BP. Following this, the sample 
scores then track a decline in alkalinity until ~5100 cal. years BP, when max depth 
(water clarity) becomes more important in driving the diatom assemblages present in the 
lake until ~2500 cal. years BP. The diatom assemblages then resemble lakes with 
increasing alkalinity in the training set, until the present day, demonstrating that alkalinity 
was more important as a driver of diatom assemblages for the last ~2500 cal. years BP 
(Figure 9.5). Similarly, the sample scores from lake SS1381 indicate lake waters that 
declined rapidly in alkalinity before increasing again at ~ 6700 cal. years BP (Figure 9.5). 
The trajectory of the SS1381 sample scores also suggest that water clarity was 
important in driving the diatom assemblages in the mid-Holocene. These results 
demonstrate that whilst alkalinity was the main environmental variable driving the diatom 
assemblages in the lakes, other variables have in the past had an increased influence 
on the diatom assemblages.  
 
9.7 The importance of catchment specific factors and different thresholds 
in determining ontogeny trends. 
AT1 and AT4 are two lakes which have experienced the same climatic regime and 
demonstrate comparable long-term trends towards oligotrophication. However, there are 
distinct differences in some of the proxies and the short term-trends in production and 
DI-alkalinity (Figure 9.3), which are related to catchment specific factors.  For example, 
the delayed onset of the period of peak production at lake AT1, relative to AT4, can be 
explained by microclimate differences because of the higher altitude of AT1 (475 
m.a.s.l), which makes it cooler than AT4 (196 m.a.s.l). Climate was only warm enough at 
the peak of the HTM, coupled with increasing water clarity due declining MAR, to initiate 
increased weathering and nutrient cycling by decomposition, soil and vegetation 
development, and reduce ice-cover. Consequently, biological production only reached its 
maximum with the onset of the greatest warming in the Holocene, and is marked by a 
dominance of alkaliphilous diatom communities, and maximum Holocene abundance of 
planktonic diatoms reflecting high availability of nutrients and an extension in the ice free 
period. Conversely, at AT4 peak production was much earlier and arrested by the earlier 
onset of vegetation development in the catchment relative to AT1, which stabilized much 
faster and began to sequester nutrients much earlier from the lake (Figure 9.3). The 
differences in the timing of the peak period of production reflect differences in catchment 
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response to climate, at AT1 thresholds in temperature were only surpassed when the 
peak of the HTM occurred. Interpretations of ontogeny must acknowledge how climate is 
filtered in catchments; colder microclimates are buffered from small climate changes but 
not large ones.  
 
Similarly, the coastal lakes respond differently to the onset of neoglacial cooling in the 
region because of catchment specific factors which affect the ontogeny of the lakes at 
this time. It is proposed that at AT1, vegetation converted back to tundra at ca. 6000 cal. 
years BP when a rapid decline in OMAR occurred, because of the cold climate during 
the mid-Holocene (Anderson et al., 2012). Consequently, neoglacial cooling had little 
influence on the catchment vegetation. However, neoglacial cooling acted to decrease 
the ice-free period (a decline in UVR), decrease diatom concentration therefore 
decreasing overall lake production. Conversely, at AT4 the neoglacial was accompanied 
by a marked increase in OMAR, a decline in benthic diatoms (reduced light to the 
benthos) and an increase in Cyclotella stelligera, a species which is associated with 
increased nutrients, possibly reflecting an increase in the availability of nutrients from the 
soils.  DI-alkalinity was already low prior to the onset of oligotrophication in both lakes. 
However, where production continued to decline at AT1, at AT4 it became very variable 
in the last ca. 4000 cal. years BP of lake development (Figure 9.3). It is suggested that 
the variability in production at AT4 is related to the hydrology of the catchment, which is 
steep and causes a flashy response to seasonal snowmelt and rainfall events. The 
sedimentary parameters, MAR and OMAR record numerous, possibly cyclical, inwash 
events which are characterized by very high proportions of minerogenic sediments. It is 
proposed that these inwash events are caused by the annual melt of snow and ice in the 
catchment; because of the steep nature of the catchment, the meltwater is able to carry 
a large amount of mechanically weathered fines into the lake. During the neoglacial, the 
return to tundra in the catchment probably meant that these inwash events modified 
production through affecting light availability and possibly the inwash of some nutrients 
from the tundra, causing within lake production to vary on short time-scales. Variations in 
catchment geomorphology, hydrology and setting can influence ontogeny on short-
timescales.  
 
Inland, the lakes also respond comparatively to long-term trends in climate forcing. 
However, they also demonstrate differences in the short-term ontogeny trends related to 
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catchment specific factors.  For example, SS1381 demonstrates an increase in 
production between ca. 4500- 3500 cal. years BP which is related to a known pluvial 
event and an associated increase in lake level and benthic habitats. Conversely, at lake 
SS8, production is generally low during this period, reflecting lake level increase in the 
area and connection of the lake with Hunde SØ. This latter point provides further 
evidence that catchment specific factors can modify the ontogeny trajectory of lakes. 
9.8 Summary: conceptualizing low arctic ontogeny  
The evidence outlined in this thesis indicates that, despite constant climate forcing, 
ontogeny is the result of how climate is filtered through to the lake by differences in 
catchment-specific characteristics. Filters can be defined as a parameter in the lake-
catchment system which can intercept and modify climatic variables (precipitation and 
temperature) and prevent them operating directly upon the lake. Examples of filters 
would be the presence of vegetation and soils, and catchment geomorphology, which 
can influence the hydrology of a lake. 
 
Ecological change in the catchment or the lake depends upon the how much strain given 
parameters can tolerate, before thresholds are surpassed and changes occur. For 
example, at AT4 at ~ 4000 cal. years BP, climate-mediated catchment deterioration 
caused the inwash of destabilized soils and resulted in variable production trends. 
However, no comparable changes were found at nearby lake AT1 at the same time. 
Lake ontogeny is, therefore, a combination of dominant climatic forcing regime, and the 
way in which it ultimately controls lake ontogeny depends upon the catchment, which is 
unique to each lake. Therefore, over the long-term, lakes under the same climatic 
regime and geology will demonstrate comparable trends. However, depending upon 
catchment specific factors such as altitude, the presence of filters such as vegetation, 
and external drivers which arrest or dilute the ontogeny signal (e.g., aeolian deposition 
and lake level changes), short-term variations can occur.  
 
The findings of this thesis reflect presently developing conceptual ideas about how lake 
and ecosystem development should be viewed as a framework of inputs and outputs 
driven by climate, the outcome of which depends upon a range of lake specific factors 
such as geomorphology, hydrology and vegetation development (Blenckner 2005, Fritz 
2008, Pham et al., 2009, Leavitt et al., 2009, Pham et al., 2009). Similarly, it is proposed 
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that in the low Arctic, lake ontogeny can be viewed as how climate forcing interacts with 
the lake and the catchment. For example, AT1 is, in many ways, similar to a high Arctic 
lake and demonstrates the most natural example of how arctic lakes age, when stripped 
down to the most basic of systems. These characteristics mean that AT1 is buffered 
from small climate changes, but large climatic changes can push ecological thresholds 
past their tipping points, dramatically altering the ecology and chemistry of a lake and 
thereby changing the ontogeny. These features also make AT1 more sensitive to large 
scale changes, once the thresholds have been surpassed. The AT1 catchment can be 
described as simple with very few filters, such as vegetation, which modify how climate 
affects ontogeny. The lack of filters and the simplicity of the catchment mean that climate 
affects the lake though more direct mechanisms, such as ice-cover and lake level 
lowering. 
 
In the past it has been suggested that High Arctic lakes are sensitive to climate change 
and that climate is the direct driver of ontogeny (Smol 1983, Douglas and Smol 1999, 
Wolfe et al., 2000, Wolfe 2002, Michelutti et al., 2007). The evidence from AT1 indicates 
that the sensitivity of high Arctic lakes to change depends upon their ability to buffer 
against changes (temperature and precipitation), and the absence of catchment filters 
which modify the impact of climate variables on lake ontogeny. In a simple catchment, 
like AT1, it can be argued that climate does influence ontogeny directly, by impacting the 
duration of ice-free periods and nutrient cycling. The long term decline in 
oligotrophication and alkalinity at AT1 mirrors that of the insolation curve in Figure 9.3 
(Berger and Loutre 1993), providing support for the direct influence of climate on lake 
ontogeny at AT1. However, once climate changes, so do a range of other interrelated 
variables in the catchment and lake, which can influence ontogeny. Consequently, 
climate may initiate short-term changes in the lake-catchment system, which means that 
climate is filtered indirectly to the lake, even in simple catchments like AT1 (e.g., the 
impact of peak HTM warming and peak production at AT1). The importance of changing 
processes, over the short-term, has largely been neglected in ontogeny studies.  It is 
unlikely that lake ontogeny will be the consequence of the same climatic forcing and 
climate-mediated catchment processes throughout its development.  It is important to 
acknowledge the influence of temporal climate variation on the lake-catchment system 
and therefore ontogeny; it is likely that different processes have been responsible for 
ontogeny at different episodes of lake development.  
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Arctic ontogeny should be viewed as the result of climate forcing and how it interacts 
with catchment processes, which can filter climate forcing to the lake. Different filters 
have different thresholds under different circumstances, so that large scale ecological 
change in lakes can vary depending upon setting. Lakes in simple settings, which have 
very few filters such as high Arctic lakes and AT1, are controlled more directly by 
climate. Conversely, catchments which have the capacity to develop vegetation under 
certain climatic conditions filter climate; under these circumstances ontogeny is largely 
controlled by edaphic processes and indirectly by climate. However, under changing 
climatic circumstances more filters may be introduced, thereby changing lake ontogeny 
trajectories. For example, the increase in temperature at AT1 during the peak of the 
HTM surpassed edaphic thresholds and initiated vegetation and soil development, which 
indirectly increased lake production by increasing nutrient availability in concert with the 
direct effect of reducing ice cover. Similarly, the inland lakes demonstrate comparable 
long-term trends, but the wetter and less arid climate during the pluvial period ~4500 - 
3500 cal. years BP caused an increase in production at SS1381, because of the 
geomorphology of the catchment, whereas at SS8 production declined as it became 
connected to the Hunde SØ lake complex.  
 
It is proposed that long-term Arctic ontogeny trends can be determined initially based 
upon climate, and modified by the catchment which can filter climate into the lake, 
therefore determining ontogeny. Consequently, lakes which formed after deglaciation on 
acidic bedrock and which are simple and have few filters, will be affected by climate 
directly and undergo oligotrophication. AT1 is an example of this and the long-term 
decline in nutrients and production closely follow the insolation curve. The development 
of vegetation filters out climate and indirectly will be responsible for oligotrophication. 
The effect of vegetation on lake ontogeny is reflected in the results of AT4, SS8 and 
SS1381. Short-term climatic changes can modify lake ontogeny trajectories dependent 
upon thresholds in the lake-catchment system and site specific characteristics.  
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Chapter 10 : Conclusions and further research  
 
10.1 The role of climatic setting in determining lake ontogeny trajectories 
This thesis has addressed four research aims and answered four hypotheses outlined in 
Chapter 1, about how climate determines the ontogeny trends of low Arctic lakes. This 
study has examined how lakes develop biologically and chemically, the role of 
vegetation development on long-term ontogeny trends, the influence of changing climatic 
episodes on long-term ontogeny and has contributed to a scarcity of data from lakes in 
the coastal region of south western Greenland. The results identified from this research 
are summarized below. 
 
The evidence presented in the results chapters indicates that low Arctic freshwater lakes 
will tend towards oligotrophication and declining pH regardless of climatic setting (Figure 
9.3 and Figure 9.4). However, the timing and magnitude of ontogenetic change can vary 
between lakes depending upon site specific factors, such as geomorphology, hydrology, 
altitude and vegetation development. These results complement findings from other 
ontogeny studies from boreal regions (Pennington 1943, Round 1961, Engstrom and 
Hansen 1984, Engstrom et al., 2000, Fritz et al., 2004, Engstrom and Fritz 2006), the 
Arctic and south western Greenland (McGowan et al., 2003, Anderson et al, 2008, 
McGowan et al, 2008, Perren et al., 2012, Wagner and Bennike, 2012). Similarly, short-
term climate changes, can have a profound impact on lake ontogeny trends, although 
site specific differences between lakes can mediate differential responses between 
lakes; lakes can respond in a non-linear manner to the same climate forcing.  
 
The long-term ontogeny trends at the study sites broadly relate to large scale changes in 
Holocene temperature and insolation and periods of established climate change in the 
region. Maximum production in the four lakes broadly corresponds with the peak of HTM 
warming and isolation suggesting that climate may have played an important role on 
ontogeny of the lakes in the early Holocene. Similarly, the onset of oligotrophication and 
declining alkalinity in the study lakes corresponds to the long-term cooling trend in the 
GRIP record from ca. 6000 cal. years BP. This indicates that over the long-term climate 
has played a role in determining the ontogeny trend of the four study lakes. This largely 
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supports claims that climate, and specifically temperature, has a first order control on the 
ontogeny trends of Arctic lakes (Smol 1983, Douglas and Smol 1999, Wolfe et al., 2000, 
Wolfe 2002, Michelutti et al., 2007).  
 
The evidence presented in this study indicates that climate may be the driver of lake 
ontogeny but that its relationship with ontogeny is not simple or always direct. It is 
proposed that climate can affect lakes directly under certain settings, where catchments 
are simple in terms of vegetation and soil development, and the role of climate-mediated 
catchment processes are limited. High Arctic lakes, which are similar to AT1, are 
perhaps an example of simple catchments where the role of climate-mediated catchment 
processes such as vegetation and soil development, nutrient cycling and DOC delivery 
to the lake is limited. Consequently, climate generally impacts upon the lake directly 
through processes such as ice-cover and light availability.  Where climate permits 
vegetation and soil development, the role of climate on ontogeny is largely indirect and 
related to climate-mediated catchment processes such as nutrient sequestration and 
DOC export to the lake. However, well developed and stabilized catchments can be 
affected by climate directly, for example, climatic deterioration can result in processes 
such as ice cover becoming more important than climate-mediated catchment 
processes. At AT1 during the last ~1500 cal. years BP, the LIA initiated prolonged 
periods of ice cover which changed the biological structure of the lakes in the absence of 
any evidence for climate-mediated catchment change. This evidence indicates that, 
under certain climates and lake settings, climate can affect lake ontogeny directly, and 
there is minimal influence from climate-mediated catchment processes.  
 
Short -term changes in climate may be mediated differently depending upon lake setting 
and may result in contrasting ontogeny trends of lakes under the same climate forcing.  
Site specific characteristics and therefore differences in ecological thresholds at different 
lakes are responsible for short-term differences between lakes under the same climate 
forcing. For example, at the inland lakes a pluvial episode resulted in an increase in lake 
level and biological production at lake SS1381 at ca. 4500 cal. years BP, which was not 
mirrored by a similar event in lake SS8. These trends relate to differences in the lake 
settings; at SS1381 lake level increased and provided more benthic habitat at the lake, 
increasing production whereas, at lake level increases at SS8 caused the lake to merge 
with other nearby lakes in the region, resulting in no changes in production and alkalinity.  
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Vegetation development and catchment stabilization coincide with the onset of 
oligotrophication in the four study lakes (ca. 6000 cal. years BP at the end of the peak of 
the HTM). This may suggest that the sequestration of nutrients by the catchment 
vegetation caused oligotrophication in the lakes. It has been proposed that vegetation 
development and stabilization are responsible for the onset of oligotrophication in some 
boreal (Pennington 1943, Round 1961, Engstrom and Hansen 1984, Engstrom et al., 
2000, Fritz et al., 2004, Engstrom and Fritz 2006) and low Arctic lakes (Anderson et al., 
2008). However, the impact of vegetation development cannot be isolated from the 
concomitant change to a wetter and cooler climate at the end of the HTM in south 
western Greenland, and the presence of Betula nana at the inland lakes. It is possible 
that both the change in climate and establishment of vegetation were important in 
initiating the onset of oligotrophication in the study lakes.  
 
Climate change can reverse and halt long-term ontogeny trends. The long-term 
oligotrophication trends at the inland lakes were reversed in the last 1500 cal. years of 
lake development. These results reflect the influence of the cool, arid and windy climate 
during this time, which resulted in both lake level lowering and aeolian deposition. The 
combination of these two factors resulted in the lakes becoming more productive and 
alkaline again, despite demonstrating oligotrophication and alkalinity decline prior to this. 
This highlights the importance of climatic variables surpassing ecological thresholds in 
the lake-catchment system which can significantly modify lake ontogeny.  
 
The results from the inland study lakes contrast to the closed basin oligosaline lakes in 
the inland region which indicate progressive enrichment and alkalinity throughout the 
Holocene (McGowan et al., 2003). This evidence highlights the sensitivity of closed 
basin lakes to changes in temperature and precipitation. However, it also highlights that 
closed basin lakes should be viewed as unique lake systems and their ontogeny 
trajectory is largely controlled by the effect of temperature and evaporation directly upon 
the water body and inputs from the catchment (Fritz 2008). In open basins, the direct 
influence of temperature and precipitation is likely to be important but there are 
numerous other climate-mediated processes that are important in determining ontogeny, 
such as vegetation development, the input of DOC, and ice-cover.  
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It is proposed that in the predominantly dry and arid inland region of south-western 
Greenland, climate (i.e., precipitation and evaporation) changes are more strongly 
coupled with lake ontogeny trajectories and can significantly alter or arrest lake 
development; the inland lakes are more sensitive to climate changes than the coastal 
lakes. Conversely, hydro-climatic changes in the predominantly maritime coastal area, 
where it is wetter and cooler, do not interfere as strongly with the long-term ontogeny 
trends, because the maritime climate effectively dampens climate changes, and in 
certain situations buffers the lakes from anything but large scale climatic change (e.g., 
AT1). Consequently, in the coastal region, climate changes need to be very different 
from the general or base line climate for ecological and sedimentological thresholds to 
be surpassed.   
 
The offset in the timing of maximum production and alkalinity in the early Holocene of 
the four study lakes has highlighted interesting relationships between alkalinity, 
production and allochthonous sediment inwash. In the early stages of lake development 
in deglaciated terrain, highly alkaline waters are the result of large quantities of cation 
and nutrient rich allochthonous sediment inwash, not biological production as has been 
previously suggested (Fredskild 1983a, Anderson et al., 2008, Fritz et al., 2004). Despite 
the availability of high quantities of nutrients, biological production is inhibited until water 
clarity improves, the catchment stabilizes, and climate is more favourable for biological 
production.  Previous ontogeny studies have suggested that maximum biological 
production in the early post glacial period are concomitant with maximum alkalinity. 
However, the results from this thesis suggest that this is not always the case; maximum 
production can occur after maximum alkalinity. 
 
The data from the coastal lakes and other lakes in the coastal region such as Sisi 15 and 
SS49 (see Perren et al., 2012 and Wagner and Bennike 2012) demonstrate evidence for 
a colder and wetter climate from ~ 6000 cal. years BP. Therefore, it is suggested that 
neoglacial cooling may have begun earlier at the coast than inland, or that the inland 
lakes were buffered for longer than the coastal lakes because of the differences in 
dominant climate between the two study areas. These results contrast to the suggestion 
from other palaeolimnological studies that neoglacial cooling did not begin until ca. 4000 
cal. years BP (Anderson et al., 1999, Bennike 2000).  
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10.2 Further research and considerations 
The results from this thesis would benefit from incorporating the data from the XRF 
analysis. This would support the interpretation of periods of catchment degradation 
associated with climatic deterioration during the neoglacial an LIA, and help to support 
the suggestion that neoglacial cooling began earlier in the coastal region than inland. 
Similarly, whilst pollen reconstructions have been used to infer vegetation changes in 
response to Holocene climatic changes in the inland region, they are limited in the 
coastal region (Wagner and Bennike 2012). By having a more definitive idea about 
Holocene changes in vegetation from the coastal region the suggestions about the 
timing and extent of vegetation development in the catchments during the HTM and 
neoglacial periods, which may have been pivotal in lake ontogeny trends, can be 
supported.  
 
This study has highlighted the importance of adopting a multi-proxy approach for 
palaeolimnological and palaeoenvironmental interpretations and demonstrated how 
interpretations of regional climate change and lake ontogeny from one lake alone can be 
misleading. If lake records are to be used to infer climatic and environmental changes in 
the future, an awareness that individual lakes demonstrate different sensitivities and 
responses to climate forcing over the short-term is important; lakes can demonstrate 
different trajectories despite experiencing the same climate forcing. A paired lake 
approach should be adopted in all palaeoclimatic and palaeoenvironmental 
reconstructions, to ensure that site-specific characteristics are not skewing the 
interpretation of the results.  Furthermore, any interpretation of palaeolimnologial records 
should consider the range of climate-mediated catchment parameters and filters that 
modify long-term lake ontogeny trends. 
 
The Arctic is a climatically sensitive region and the results from this study indicate that 
ecosystems have different thresholds of change, depending upon site specific 
characteristics. If accurate predictions are to be made about how Arctic ecosystems and 
specifically freshwater lake ecosystems are going to respond to climate change in the 
future, then a better understanding of site-specific sensitivity needs to addressed; based 
upon the evidence in this thesis it is unlikely that Arctic freshwater ecosystems and their 
catchments will respond in a uniform manner. Understanding the diversity, sensitivity 
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and differential response of Arctic ecosystems is pivotal to any predictions about the 
impact of climate change in the future.   
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Appendix 1  
Table 1.1 Summary of the stock solutions used during the extraction and preparation stages for sedimentary pigment analysis. (Modified from HPLC laboratory 
handbook, Dr. Suzanne McGowan, University of Nottingham). 
Solvent Details Phase Method 
Extraction Solvent 80 % acetone, 15 % 
methanol, 5 % 
deionised water 
Pigment 
Extraction phase 
This solvent is to be made in small batches and kept in a screw cap bottle. 
Use HPLC-grade solvents (acetone and methanol) and nanopure deionised 
water and combine in the stated ratios. 
Injection Solution 700 ml acetone, 50 
ml methanol, 250 ml 
IPR stock solution 
(see below) 
Injection phase In a 1L volumetric flask combine a 70:25:5 mixture of acetone, IPR, and 
methanol. Transfer the completed solution to a foil wrapped 1L ground glass 
reagent bottle and store in the freezer. De-gas the solution in a sonicator 
before using in the HPLC machine. 
HPLC solution A Chen Method 80 % methanol, 20 % 
of 0.5 M ammonium 
acetate, aq. pH 7.2 
Mobile phase A Dissolve 7.708 g ammonium acetate in 200 ml deionised (HPLC-grade) 
H2O. Add the 200 ml 0.5M ammonium acetate to a 1 L volumetric flask and 
top up to 1 litre with HPLC-grade methanol. De-gas for 5 minutes in a 
sonicator before use. 
HPLC Solution A Mantoura and 
Llewellyn Method 
90% Methanol, 10% IPR stock 
solution (see below) 
Mobile phase A Make up 100ml IPR (see below). Place in a 1L volumetric flask and top up 
with HPLC-grade methanol. De-gas for 5 minutes in a sonicator before use. 
HPLC solution B 
Chen Method 
 
90 % acetonitrile, 10% deionised 
water 
Mobile phase B In a 1 L measuring cylinder, measure out 900 ml acetonitrile and top up with 
100 ml deionised HPLC-grade H2O. De-gas for 5 minutes in a sonicator 
before use. 
HPLC solution B 
Mantoura and Llewellyn Method 
27% acetone and 73% methanol Mobile phase B Measure out 270ml of HPLC grade acetone in a 1L measuring cylinder. Top 
up to 1L with ethanol. De-gas for 5 minutes in a sonicator before use 
HPLC solution C 
Chen and Mant Method 
100% HPLC-grade 
ethyl acetate 
 De-gas for 5 minutes in a sonicator before use. 
Ion-pairing reagent (IPR) stock To make 250 ml: 
1.875 g of tetra butyl 
ammonium acetate, 
19.25 g of sigma 
grade ammonium 
acetate, 250 ml 
volumetric flask with 
HPLC-grade H2O 
Injection phase: 
used for production of 
the 
injection solution 
This solution must be made fresh each time it is used. Weigh out 0.75g of 
tetra butyl ammonium acetate and 7.7g of Sigma-grade ammonium acetate 
and rinse into a 100 ml volumetric flask with HPLC grade H2O. The 
chemicals are hygroscopic and temperature sensitive and therefore must 
not be allowed in contact with the air for any length of time. Reseal the 
containers and return to the freezer immediately. Swirl the flask to 
completely dissolve the chemicals. Now add enough H2O to bring the 
volume up to the 100 ml mark. 
Green standard   Grind a handful of grass or other green plant and a few ml of extraction 
solvent in a mortar and pestle. Filter the collected material using the 
procedure outlined in the extraction of pigments section. Dry down the 
concentrated pigment under nitrogen. Add injection solution to the dry 
pigments until the colour turns a light green. Label the vial as “Green 
Standard” and store in the freezer. 
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Table 1.2 Separation condition used in the analytical procedure modified from Mantoura and 
Llewellyn (1982). Stationary phase (column) consisting of a Thermo Scientific ODS Hypersil column 
(205*4.6 mm; 5 μm particle size). 
 
 
 
 
 
 
 
 
 
 
Table 3.3 Separation condition used in the analytical procedure modified from Chen et al.,(2001). 
Stationary phase (column) consisting of a Thermo Scientific ODS Hypersil column (205*4.6 mm; 5 
μm particle size). 
Time (minutes) %A %B %C Flow (ml min
-1
) 
0 100 0 0 1 
4 0 100 0 1 
38 0 25 75 1 
39 0 25 75 1 
43 100 0 0 1 
52 100 0 0 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Time (minutes) %A %B Flow (ml min
-1
) 
0 100 0 1.5 
1.5 100 0 1.5 
8.5 0 100 1.5 
21 0 100 1.5 
24 0 100 1.5 
27 100 0 1.5 
39.5 100 0 1.5 
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Figure 2.  Examples of the different Cyclotella species that comprised the diatom groups Cyclotella comensis rossii ocellata complex and Cyclotella 
stelligera complex.  Cyclotella comensis rossii ocellata complex comprises; A = Cyclotella rossii, B = Cyclotella comensis rossii, C = Cyclotella rossii 
tripartite and D= Cyclotella ocellata. Cyclotella stelligera complex comprises; E= Cyclotella stelligera, and F and G Cyclotella pseudostelligeria. 
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Appendix 3
Figure 3. Examples of pristine valves and valves affected by dissolution used to assess diatom dissolution at the four study lakes (AT1, AT4, SS8 and 
SS1381). Pristine valves( e.g., A, B, C and D) demonstrate no evidence of dissolution and all the features required for identification under light 
microscopy. Valves affected by dissolution demonstrate wearing or loss of the marginal rim, evidence features such as striae and puncte being 
dissolved (Ai and Aii) or completely absent (Aii, Bi,Ci and Di) and where significant dissolution has taken place, parts of the valve may be completely 
missing or only the most robust parts of the girdle band remain (Cii). A, Ai, and Aii (Cyclotella boudanica aff. Lemanica), B and Bi (Amphora libyca), C, 
Ci and Cii (Epithemia smithii), D and Di (Cyclotella stelligera complex). 
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Appendix 4 
PCA  1
PCA 2 0.18* PCA 2
DCA 1 0.87** 0.34** DCA 1
DCA 2 -0.32** -0.49** -0.41** DCA  2
OMAR 0.79** -0.17* 0.71** -0.14 OMAR
MAR 0.37** -0.10 0.36** 0.01 0.41 MAR
ALK 0.84** 0.31** 0.91** -0.36** 0.66** 0.36** ALK
Benthic -0.41** -0.31** -0.50** 0.54** -0.30** -0.04 -0.45** Benthic 
Planktonic 0.61** 0.25** 0.66** -0.33** 0.51** 0.15 0.62** -0.91** Planktonic 
UVR -0.61** -0.65** -0.60** 0.51** -0.30** -0.14 -0.54** 0.41** -0.43** UVR
Ti 0.09** -0.42 0.20* 0.22** 0.33** 0.63** 0.15 0.07 0.05 0.19* Ti
Ca 0.32** -0.27** 0.39** 0.10 0.47** 0.65** 0.32** -0.05 0.19* -0.02 0.94** Ca
GRIP -0.09 0.18* -0.09 0.17* -0.18* -0.14 -0.06 0.10 -0.07 -0.01 -0.23** -0.19* GRIP
Diat.conc -0.20 -0.14 -0.03 0.23 -0.11 0.17 -0.05 0.02 0.10 0.09 -0.06 0.20 -0.13 Diat. conc
Table 4.1 The correlation coefficients between the key proxies indicating lake water alkalinity and lake production at lake AT1. **indicates a significant 
correlation at the r ≤ 0.01 and P ≤ 0.05 level, and * indicates a significant correlation at the r ≤ 0.05 and P ≤ 0.05 level. Red shading reflects a positive 
relationship, blue shading reflects a negative relationship and white shading signifies a lack of any statistically significant relationship. Codes for 
variables and proxies; ALK (DI-alkalinity), OMAR (organic matter accumulation rate), MAR (minerogenic accumulation rate), GRIP (temperature), 
benthic and planktonic (% of diatoms), UVR (UV index), Ca, Ti, (quantity of elements derived by XRF), and diatom concentration (Diat. Conc) log 10
6
. 
The number of points used for correlation, n =142. 
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DCA 1 DCA 1
DCA 2 -0.41** DCA 2
PCA 1 0.36** -0.22* PCA 1
PCA 2 0.66** -0.28** 0.15 PCA 2
ALK 0.86** -0.22* 0.36** 0.68** ALK
OMAR -0.34** 0.25* -0.27** -0.24* -0.28** OMAR
MAR 0.42** 0.09 -0.29** 0.41** 0.46** 0.16 MAR
Benthic 0.93** -0.39** 0.22* 0.74** 0.82** -0.46** 0.49** Benth
Planktonic -0.86** 0.45** -0.24* -.72** -0.77** 0.48** -0.44** -0.96** Plank
Fragilaria 0.96** -0.36** 0.35** 0.70** 0.86** -0.47** 0.46** 0.95** -0.91** Frag
Rossii -0.42** 0.26* -0.19 -0.52** -0.40** 0.30** -0.25* -0.56** 0.61** -0.52** Rossii
Stelligera -0.76** 0.34** -0.11 -0.50** -0.65** 0.35** -0.36** -0.76** 0.77** -0.72** -0.03 Stelligera
UVR 0.13 -0.06 0.19 0.40** 0.18 -0.12 0.05 0.15 -0.14 0.17 -0.11 -0.08 UVR
Ca 0.44** 0.16 -0.17 0.34** 0.46** 0.07 0.74** 0.45** -0.41** 0.48** -0.19 -0.37** -0.01 Ca
Ti 0.10 0.18 -0.04 0.15 0.20 0.24* 0.18 0.06 -0.02 0.06 0.08 -0.10 0.05 0.23* Ti
GRIP 0.30** -0.22* -0.04 0.01 0.12 -0.11 -0.04 0.24* -0.14 0.24* 0.20 -0.36** -0.03 0.07 0.01 GRIP
Diat. Conc 0.10 -0.17 0.11 0.08 0.03 -0.08 -0.06 0.10 -0.13 0.14 -0.12 -0.05 0.06 -0.01 -0.02 0.06 Diat. Conc
 Table 4.2 The correlation coefficients between the key proxies indicating lake water alkalinity and lake production at lake AT4. **indicates a significant 
correlation at the r ≤ 0.01 and P ≤ 0.05 level, and * indicates a significant correlation at the r ≤ 0.05 and P ≤ 0.05 level. Red shading reflects a positive 
relationship, blue shading reflects a negative relationship and white shading signifies a lack of any statistically significant relationship. Codes for 
variables and proxies; ALK (DI-alkalinity), OMAR (organic matter accumulation rate), MAR (minerogenic accumulation rate), GRIP (temperature), 
benthic and planktonic (% of diatoms), UVR (UV index), Ca, Ti, (quantity of elements derived by XRF), Rossi (C. rossii comensis ocellata complex %), 
and Stelligera (C.stelligera %) and diatom concentration (Diat. Conc) log 10
6
 .The number of points used for correlation, n = 93. 
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CA 1 CA 1
CA 2 0.026 CA 2
ALK 0.56** -0.249 ALK
PCA 1 -0.15 0.018 -0.40* PCA 1
PCA 2 0.42** -0.24 0.23 0.173 PCA 2
OMAR -0.41** 0.24 -0.49** 0.29 0.09 OMAR
MAR -0.26 0.70** -0.40* 0.35* -0.36* 0.47** MAR
Ca -0.31 -0.04 -0.11 0.04 0.052 0.08 -0.01 Ca
Ti -0.05 -0.28 -0.17 -0.03 0.059 -0.05 -0.38* -0.107 Ti
GRIP -0.21 0.34* -0.31 0.28 -0.09 0.56** 0.39* 0.123 -0.2 GRIP
Benthic -0.03 0.3 0.17 -0.2 -0.11 -0.17 0.05 0.01 0.05 0.09 Benthic
Planktonic 0.04 -0.31 -0.13 0.14 0.1 0.15 -0.06 0.03 -0.09 -0.14 -0.96** Plank
F index -0.36* 0.66** -0.24 -0.01 -0.50** 0.35* 0.70** -0.01 -0.27 0.32* 0.31 -0.25 F index
Diat.conc 0.06 -0.34* 0.17 -0.25 0.13 -0.1 -0.3 0.12 -0.02 -0.54** -0.01 0.18 -0.20 Diat.conc
UVR -0.07 0.26 -0.31 0.01 0.13 0.50** 0.19 0.02 0 0.40* 0.06 -0.02 0.40* -0.05 UVR
Chl a 0.35* -0.1 0.24 -0.10 0.07 -0.50** -0.26 0.07 0.08 -0.35* -0.04 0.04 -0.29 0.12 -0.37* Chl a
Chl b 0.16 0.23 0.06 -0.12 -0.19 -0.44** 0.07 0.17 -0.13 -0.03 0.12 -0.12 -0.07 -0.15 -0.29 0.69** Chl b
Okenone 0.04 0.50** -0.05 -0.22 -0.24 -0.10 0.42** 0.40* -0.39* 0.01 0.16 -0.15 0.29 -0.06 -0.12 0.12 0.46** Okenone
Echinenone 0.09 0.135 0.025 -0.01 -0.1 -0.33* 0.18 -0.07 -0.1 -0.29 0.08 -0.09 0.01 0.04 -0.41** 0.52** 0.65** 0.23 Echinenone  
   Table 4.3 The correlation coefficients between the key proxies indicating lake water alkalinity and lake production at lake SS8. **indicates a 
significant correlation at the r ≤ 0.01 and P ≤ 0.05 level, and * indicates a significant correlation at the r ≤ 0.05 and P ≤ 0.05 level. Red shading reflects a 
positive relationship, blue shading reflects a negative relationship and white shading signifies a lack of any statistically significant relationship. Codes 
for variables and proxies; ALK (DI-alkalinity), OMAR (organic matter accumulation rate), MAR (minerogenic accumulation rate), GRIP (temperature), 
benthic and planktonic (% of diatoms), UVR (UV index), Ca, Ti, (quantity of elements derived by XRF), okenone and echinenone, and diatom 
concentration (Diat. Conc) log 10
6
 .The number of points used for correlation, n = 93 
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CA 1 CA 1
CA 2 0.03 CA 2
PCA 1 0.63** 0.22 PCA 1
PCA 2 0.39** -0.45** -0.02 PCA 2
Diat. conc 0.05 -0.22 -0.10 0.22 Diat. conc
ALK 0.58** -0.38** 0.53** 0.43** -0.16 ALK
OMAR -0.08 0.53** -0.06 -0.32* -0.24 -0.24 OMAR
MAR 0.54** -0.52** 0.47** 0.39** 0.13 0.72** -0.30* MAR
CA 0.60** -0.40** 0.50** 0.37* 0.23 0.71** -0.27 0.89** CA
TI 0.65** -0.45** 0.52** 0.42** 0.21 0.76** -0.32* 0.94** 0.97** TI
GRIP 0.56** 0.18 0.62** 0.33* 0.11 0.41** -0.14 0.30* 0.38** 0.36* GRIP
Benthic 0.66** 0.59** 0.63** -0.15 -0.06 0.11 0.17 0.12 0.20 0.21 0.35* Benthic
Planktonic -0.66** -0.59** -0.63** 0.15 0.06 -0.11 -0.17 -0.11 -0.19 -0.21 -0.34* -1.00** Planktonic
Findex 0.05 -0.73** -0.14 0.54** 0.23 0.44** -0.21 0.61** 0.50** 0.55** 0.06 -0.53** 0.53** Findex
UVR 0.25 0.13 0.31* 0.06 0.10 0.13 0.14 -0.08 -0.16 -0.11 -0.32* -0.34* 0.34* 0.19 UVR
Chl a 0.36* 0.43** 0.64** -0.38** -0.22 0.22 0.19 0.05 0.10 0.12 0.26 0.53** -0.53** -0.29* -0.19 Chl a
Pheo. b 0.25 0.15 0.50** -0.29 -0.16 0.38** -0.02 0.32* 0.41** 0.42** -0.03 0.33* -0.33* -0.05 -0.06 0.55** Pheo. b
Pheo a 0.14 0.50** 0.43** -0.62** -0.15 -0.03 0.30* -0.04 0.05 0.02 0.18 0.40** -0.40** -0.33* -0.12 0.73** 0.49** Pheo. a
Cyc. bod 0.06 -0.82** -0.17 0.33* -0.13 0.55** -0.29* 0.41** 0.30* 0.35* -0.11 -0.56** 0.56** 0.61** 0.07 -0.21 -0.09 -0.30* Cyc. bod
Table 4.4 The correlation coefficients between the key proxies indicating lake water alkalinity and lake production at lake SS1381. **indicates a 
significant correlation at the r ≤ 0.01 and P ≤ 0.05 level, and * indicates a significant correlation at the r ≤ 0.05 and P ≤ 0.05 level. Red shading reflects a 
positive relationship, blue shading reflects a negative relationship and white shading signifies a lack of any statistically significant relationship. Codes 
for variables and proxies; ALK (DI-alkalinity), OMAR (organic matter accumulation rate), MAR (minerogenic accumulation rate), GRIP (temperature), 
benthic and planktonic (% of diatoms), UVR (UV index), Ca, Ti, (quantity of elements derived by XRF), Chl a, pheophorbide a (pheo a), pheophorbide b 
(pheo b), Cyclotella bodanica aff lemanica (Cyc. Bod). The number of points used for correlation, n = 47. 
